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IX  ABSTRACT  (Minotum  200 worSS  '  ” “™~“ 

The  overall  objective  of  this  project  was  to  determine  the  neural  factors  which 
are  involved  in  the  regulation  of  the  cardiovascular  system  during  various 
stresses.  To  achieve  these  objectives,  we  have  investigated  factors  which 
influence  the  control  of  heart  rate  under  normal  laboratory  conditions  as  well 
as  during  stresses  such  as  myocardial  ischemia,  acute  volume  expansion  or  depletior 
and  during  exposure  to  positive  acceleration.  Our  second  objective  was  to  establis 
the  contribution  of  neural  reflexes  originating  from  receptors  located  in  the 
cardiopulmonary  and  sinoaortic  regions  on  the  beat-to-beat  control  of  the  heart  and 
the  peripheral  circulation  under  various  laboratory  stresses  and  during  the 
stress  of  positive  acceleration.  The  detailed  report  is  broken  down  into  sections. 
Each  section  is  a  separate  phase  of  the  overall  study.* 
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OBJECTIVE:  The  overall  objective  of  this  project  was  to  determine  the  neural 


factors  which  are  involved  in  the  regulation  of  the  cardiovascular 
system  during  various  stresses.  To  achieve  these  objectives,  we 


have  investigated  factors  which  influence  the  control  of  heart  rate 
under  normal  laboratory  conditions  as  well  as  during  stresses  such 
as  myocardial  ischemia,  acute  volume  expansion  or  depletion  and 
during  exposure  to  positive  acceleration.  Our  second  objective 
was  to  establish  the  contribution  of  neural  reflexes  originating 
from  receptors  located  in  the  cardiopulmonary  and  sinoaortic  regions 
on  the  beat-to-beat  control  of  the  heart  and  the  peripheral  circu¬ 
lation  under  various  laboratory  stresses  and  during  the  stress  of 
positive  acceleration. 


This  detailed  report  is  broken  down  into  sections.  Each  section  is 
a  separate  phase  of  the  overall  study.  They  are  as  follows: 


FACTORS  INFLUENCING  THE  INTRINSIC  CONTROL  OF  HEART  RATE. 


A.  Interaction  of  Acetylcholine  and  Norepinephrine  on  Heart  Rate 

Responses  of  isolated  rat  atria  to  acetylcholine  (Ach)  indicate  that 

onset  of  bradycardia  occurs  when  concentration  in  the  bathing  solution 
_  s 

reaches  10  molar.  The  degree  of  slowing  is  directly  proportional  to 
the  concentration  of  Ach.  All  hearts  stopped  or  nearly  stopped  when  Ach 

-It 

concentration  reached  10  M.  Norepinephrine  produced  tachycardia.  On- 

-  8  _5 

set  occurred  at  10  M  and  peak  response  occurred  at  10  M.  The  dose- 

response  curves  established  the  control  values  against  which  other  com¬ 
parisons  could  be  made. 

When  norepinephrine  was  added  to  the  bathing  solution  prior  to  estab¬ 
lishing  a  dose-response  curve  for  acetylcholine,  it  had  little  influence 
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on  the  response  of  the  atrium  to  acetylcholine  at  concentrations  of  10 
or  10  ^  m .  At  concentrations  of  10  ^  M  of  norepinephrine,  the  threshold 
of  responsiveness  to  Ach  was  higher  as  was  the  EDj.q,  although  the  peak 
response  was  similar  to  the  control  value.  This  indicates  that  only  at 
high  doses  of  norepinephrine  are  low  doses  of  Ach  interfered  with.  High 
doses  of  Ach  were  still  not  influenced  by  prior  tissue  exposure  to  high 
doses  of  epinephrine. 

When  acetylcholine  was  added  to  the  bathing  solution  prior  to  estab¬ 
lishing  a  dose-response  curve  for  norepinephrine,  a  definite  influence  was 
observed  when  the  c  ..entration  reached  10  ^  M.  The  same  was  true  for 
10  ^  M  Ach.  The  peak  responses  were  also  reduced  at  these  concentrations. 
Thus,  acetylcholine  definitely  inhibits  both  tne  onset  and  magnitude  of 


postoperatively,  tissue  was  taken  from  14  sham-operated  controls  and  16 
rats  with  experimental  heart  failure  produced  by  aortic  constriction. 
Presacri f icial  heart  rates  were  higher  in  constricted  animals  (P:  .01)  but 


not  different  from  shams  when  isolated  in  the  tissue  bath.  Chronotropic 

change  was  observed  in  the  heart  failure  group  at  10  ' ^  M  NE,  while  sig- 
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nificant  change  in  the  control  group  was  seen  at  10  M  NE.  The  maximum 
heart  rate  changes  for  NE  occurred  with  10  ^  m  for  both  groups.  Positive 
inotropic  changes  were  observed  in  the  heart  failure  group  at  10  M  NE, 


while  the  earliest  change  in  the  control  group  was  at  10  3  M  NE.  The 
maximum  inotropic  response  for  both  groups  occurred  at  10  ^  M  NE.  EDC 


for  the  two  groups  was  not  significantly  different.  These  findings  show 


that  rat  atria  are  more  responsive  to  low  levels  of  NE  after  heart  fail¬ 


ure  than  are  controls.  This  is  consistent  with  observations  that  note  a 


defect  in  uptake  and  storage  of  NE  in  this  type  of  experimental  conges¬ 
tive  heart  failure.  If  such  an  abnormality  makes  increased  quantities 
of  NE  available  at  the  receptor  site  at  low  circulating  NE  levels,  indi¬ 
viduals  in  congestive  heart  failure  might  be  hyper- responsive  to  normal 
blood  NE  levels. 


BEAT-T0-BEAT  REGULATION  OF  HEART  RATE  BY  AFFERENT  STIMULATION  OF  THE  AORTIC 
NERVE.  (See  Appendix  Reprint  #1) 

Repeated  electrical  stimulation  of  the  aortic  nerve,  when  confined 
to  one  cardiac  cycle,  caused  heart  rate  reduction  in  the  anesthetized 
rabbit.  The  average  fall  in  heart  rate  due  to  supramaximal  stimulation 
was  8.4  +  0.3  beats/min  (+_  SEM) .  Extent  of  bradycardia  was  more  closely 
related  to  total  number  of  impulses  within  the  stimulus  burst  than  to 
either  burst  duration  or  impulse  frequency.  The  latency  to  onset  of 
the  response  could  not  be  altered  by  changes  in  any  of  the  stimulus  para- 


meters,  nor  could  it  be  related  to  the  position  of  the  stimulus  burst 
within  the  cardiac  cycle.  These  results  indicate  that  beat-to-beat 
regulation  of  heart  rate  can  be  accomplished  when  afferent  aortic 
activity  is  altered. 

LEFT  VENTRICULAR  FUNCTION  DURING  ACUTE  REGIONAL  MYOCARDIAL  ISCHEMIA.  (See 

Appendix  Reprint  tt 2) 

The  effects  of  acute  1-min.  occlusion  of  the  left  circumflex  coronary 
artery  on  the  inotropic  state  and  performance  of  the  left  ventricle  were 
examined  in  adult  mongrel  dogs.  The  inotropic  state,  as  indicated  by 
changes  in  the  maximum  derivative  of  left  ventricular  pressure  in  the 
pre-ejection  phase  and  the  maximum  derivative  of  the  transverse  interna i 
diameter,  were  diminished  during  the  ischemic  period.  The  end-systolic 
diameter  increased  3.8  +  0.6  mm  while  the  end-diastolic  diameter  increased 
only  0.1*  +  0.2  mm,  although  the  end-diastolic  pressure  increased  6.9  + 

0.6  mmHg .  Progressive  decreases  in  the  stroke  volume  paralleled  the  ap¬ 
parent  reduction  in  myocardial  fiber  shortening  in  the  transverse  plane. 
Cardiac  output  and  arterial  pressure  declined,  concurrently,  thus  maintain¬ 
ing  a  constant  peripheral  increase  during  the  occlusion.  Acute  coronary 
occlusion  also  caused  an  apparent  increase  in  the  myocardial  wall  stiff¬ 
ness,  as  judged  by  the  increase  in  the  slope  £  of  the  equation  dP/dV  =  aP 
+  B,  the  increase  of  the  slope  of  the  pressure-diameter  relationship,  and 
the  decrease  in  the  rate  of  lengthening  of  the  diameter  during  diastole. 
These  findings  suggest  that  acute  myocardial  ischemia  results  in  an  imme¬ 
diate  reduction  in  the  effective  inotropic  state  and  an  apparent  increase 
in  the  myocardial  wall  stiffness  in  the  transverse  plane.  Both  of  these 
changes  resulted  in  a  decrease  in  performance  of  the  left  ventricle. 


k.  SPECIFICITY  OF  AUTONOMIC  INFLUENCES  ON  CARDIAC  RESPONSES  DURING  MYOCARDIAL 


ISCHEMIA.  (See  Appendix  Reprint  #3) 

A  possible  role  of  the  autonomic  nervous  system  in  the  left  ventri¬ 
cular  response  to  acute  regional  myocardial  ischemia  was  sought  in  conscious 
dogs  instrumented  for  measurement  of  left  ventricular  pressure,  internal 
diameter,  and  aortic  flow.  Ischemia  produced  by  occluding  the  left  circum¬ 
flex  coronary  artery  caused  tachycardia  and  reduced  contractility.  Changes 
during  control  occlusions  were  compared  with  those  during  occlusion  after 
beta-adrenergic  blockade,  parasympathetic  blockade,  and  combined  sympathe¬ 
tic  and  parasympathetic  blockade.  Beta-blockade  did  reduce  the  tachycardia 
and  slightly  reduced  left  ventricular  diameter  changes  in  response  to  coro¬ 
nary  occlusion.  Results  obtained  in  animals  following  surgical  cardiac 
sympathectomy  indicated  reduced  tachycardia  and  no  effects  on  other  para¬ 
meters.  The  principal  effect  of  parasympathetic  blockade  was  to  augment 
the  increase  in  end-diastolic  diameter  during  occlusion.  Right  atrial  pac¬ 
ing  indicated  this  change  was  due  to  higher  initial  heart  rates.  Combined 
parasympathetic  and  sympathetic  blockade  did  not  alter  inotropic  responses 
to  coronary  occlusion.  Results  indicated  that  inotropic  support  due  to 
changes  in  activity  in  autonomic  nerves  is  not  increased  during  acute  oc¬ 
clusion  of  the  left  circumflex  coronary  artery. 

5.  REFLEX  HEART  RATE  CONTROL  VIA  SPECIFIC  AORTIC  NERVE  AFFERENTS  IN  THE  RABBIT. 

(See  Appendix  Reprint #4) 

Reflex  bradycardia  was  elicited  in  rabbits  via  repetitive  electrical 
stimulation  of  the  central  end  of  the  sectioned  left  aortic  nerve.  Supra¬ 
maximal  stimulation  produced  16.9  +  1.3%  (SE)  increase  in  the  R-R  interval 
when  vagal  and  sympathetic  efferent  pathways  were  intact.  Reducing  the 
stimulation  voltage  allowed  selective  stimulation  of  the  myelinated  (A) 
fibers,  and  polarizing  electrodes  placed  central  to  the  stimulus  site  per- 


mitted  A  fiber  blockade  and  selective  stimulation  of  the  unmyelinated  (C) 
fibers.  When  afferent  A  fibers  were  selectively  stimulated,  64$  of  the 
maximum  response  was  obtained;  selective  C  fiber  activation  elicited  63$ 
of  the  maximum  observed  response.  Selective  stimulation  of  A  or  C 
fibers  after  either  vagotomy  or  stellectomy  indicated  that  A  fiber  affer- 
ents  elicit  heart  rate  responses  via  both  vagal  and  sympathetic  efferents, 
whereas  C  fiber  afferent  information  is  mediated  predominantly  via  vagal 
efferents.  This  afferent-efferent  specificity  of  the  aortic  baroreceptor 
pathways  suggest  baroreceptor  mechanisms  normally  used  to  modulate  heart 
rate.  Small  increments  in  blood  pressure  would  activate  low-threshold  A 
fibers  and  result  in  reciprocal  changes  in  vagal  and  sympatht.ic  efferent 
activity.  More  substantial  increases  in  blood  pressure  would  activate 
afferent  C  fibers  and  produce  additional  heart  rate  effects  via  vagal 
efferents . 

CARDIOVASCULAR  CHANGES  DURING  AND  FOLLOWING  1-MIN  EXPOSURE  TO  +GZ  STRESS. 

(See  Appendix  Reprint  #5) 

Magnitude  and  duration  of  cardiovascular  responses  following  +G^ 
forces  of  1  -  5  G  were  studied  in  chronically  instrumented  anesthetized 
dogs.  During  lower  G  forces  (+1  to  +3G^) ,  responses  were  variable.  In 
most  dogs  during  higher  G  forces  (+4  or  +5  G^) ,  aortic  pressure,  cardiac 
output,  left  ventricular  pressure,  and  dP/dt  were  all  dramatically  com¬ 
promised.  These  changes  were  observed  whether  the  onset  of  the  gravita¬ 
tional  inertial  force  was  slow  (0.1  G/s)  or  rapid  (1.0  G/s) .  Cardio¬ 
vascular  changes  after  acceleration  were  consistent.  Left  atrial  pres¬ 
sure  and  arterial  pressure  rose  and  a  transient  rise  in  dP/dt  was  often 
observed.  Cardiac  output  rose  briefly,  then  fell;  hence,  peripheral 
resistance  Increased.  Magnitude  and  duration  of  these  changes  were  directly 


* 


related  to  G  forces  during  acceleration.  Our  results  confirm  that 
+G^  stress  produces  major  cardiovascular  changes.  Our  experiments 
also  demonstrate  that  responses  following  +G^  stress  may  be  dramatic 
and  prolonged.  Increased  peripheral  resistance  elevates  perfusion 
pressure  and,  concurrently,  the  increased  preload  may  cause  acute 
cardiopulmonary  congestion. 

7.  THE  ROLE  OF  NEURAL  FACTORS  IN  THE  CARDIOVASCULAR  RESPONSE  TO  ACUTE  VOLUME 
LOADING.  (See  Appendix  Reprint  #6) 

The  influence  of  the  cardiac  sympathetic  nerves  (CSN)  and  arterial 
baroreceptors  on  the  cardiovascular  responses  to  acute  volume  loading 
(AVL)  was  investigated  in  20  conscious  dogs.  All  animals  were  previously 
instrumented  with  electromagnetic  flow  probes  for  the  measurement  of 
cardiac  output  (CO) ,  catheters  for  measuring  left  atrial  pressure  (LAP) 
and  arterial  pressure  (AP) .  AVL  increased  LAP  (15  mmHg) ,  CO  (+1439  cc/ 
min),  HR  (28  b/min)  and  AP  (13  mmHg)  while  decreasing  peripheral  resistance 
(PR)  (-0.87  PRU,  37%).  In  all  5  animals,  baroreceptor  denervation  did  not 
alter  the  above  responses  to  volume  loading.  Surgical  section  of  the 
sympathetic  innervation  to  the  heart,  in  6  animals,  significantly  reduced 
the  AHR  to  volume  loading  (35  to  21  b/min)  and,  consequently  the  CO  was 
less  (1863  to  977  cc/min).  Since  the  AP  response  was  unaltered,  the  de¬ 
cline  in  PR  to  volume  loading  was  significantly  less  (-0.52  PRU  as  com¬ 
pared  to  -0.88  PRU).  In  5  animals,  selective  removal  of  the  left  CSN 
had  no  effect  on  the  responses  to  AVL,  while  in  other  animals,  initial 
removal  of  the  right  CSN  significantly  reduced  AHR  from  35  to  17  b/min. 
Vagal  blockade  resulted  in  a  fall  or  no  change  in  HR,  during  AVL. 


However,  a  small  positive  AHR  response  to  AVL  was  observed  after  combined 
vagal  blockade  and  bilateral  cardiac  sympathectomy.  Epinephrine  infusion 
augmented  the  AHR  response  to  AVL  with  or  without  cardiac  sympathetic  in¬ 
nervation.  These  observations  suggest  the  AHR  is  mediated  via  the  vagus 
and  the  magnitude  is  modulated  by  the  cardiac  sympathetic  nerves. 

8.  CARDIOVASCULAR  RESPONSES  TO  ELECTROCARDIOGRAM-COUPLED  STIMULATION  OF  RABBIT 
AORTIC  NERVE.  (See  Appendix  Reprint  #1) 

Electrical  stimulation  of  the  rabbit's  aortic  nerve  during  one  or 
more  cardiac  cycles  resulted  in  a  reflex  fall  in  heart  rate  and  mean  arter¬ 
ial  pressure  (MAP).  The  onset  of  bradycardia  and  of  fall  in  MAP  were  in¬ 
dependent  of  the  number  of  beats  stimulated.  The  initial  slope  of  the 
heart  rate  and  MAP  responses  increased  as  the  number  of  beats  stimulated 
increased,  reaching  a  maximum  at  five  beats  of  stimulation.  Bradycardia 
peaked  8  and  10  beats  after  the  end  of  one  and  two  cycles  of  stimulation, 
respectively,  while  the  peak  response  occurred  at,  or  prior  to,  the  end  of 
stimulation  when  12  or  more  beats  were  involved.  Onset  and  recovery  of 
both  responses  were  consistent,  and  seldom  did  MAP  indicate  a  return  toward 
control  during  stimulation.  Thus,  central  nervous  system  modulation  of 
sympathetic  activity  to  the  peripheral  vasculature  was  sustained  as  long  as 
the  aortic  nerve  input  was  maintained.  However,  reflex  control  of  heart 
rate  was  more  complex,  Involving  simultaneous  alteration  in  both  vagal  and 
sympathetic  efferent  activity. 

9.  REDUCTION  IN  BAROREFLEX  CARDIOVASCULAR  RESPONSES  DUE  TO  VENOUS  INFUSION  IN 
THE  RABBIT.  (See  Appendix  Reprint  #8) 

We  studied  reflex  bradycardia  and  depression  of  mean  arterial  blood 
pressure  (MAP)  during  left  aortic  nerve  (LAN)  stimulation  before  and  after 
volume  infusion  in  the  anesthetized  rabbit.  Step  increases  in  mean  right 
atrial  pressure  (MRAP)  to  10  mmHg  did  not  result  in  a  significant  change  in 


heart  rate  or  MAP.  After  volume  loading,  responses  to  LAN  stimulation 
were  not  as  great  and  the  degree  of  attenuation  was  proportional  to  the 
leve  of  increased  MRAP.  A  change  in  responsiveness  was  observed  after 
elevation  of  MRAP  by  only  1  mmHg ,  corresponding  to  less  than  a  10%  in¬ 
crease  in  average  calculated  blood  volume.  After  an  increase  in  MRAP  of 
10  mmHg,  peak  responses  were  attenuated  by  44%  (heart  rate)  and  52%  (MAP) , 
and  the  initial  slopes  (rate  of  change)  were  reduced  by  46%  (heart  rate) 
and  66%  (MAP).  Comparison  of  the  responses  after  infusion  with  blood  and 
dextran  solutions  indicated  that  hemodilution  was  an  unlikely  explanation 
for  the  attenuation  of  the  reflex  responses.  Total  arterial  baroreceptor 
denervation  (ABD)  abolished  the  volume- re  la  ted  attenuation  of  the  cardio¬ 
vascular  responses,  whereas  attenuation  was  still  present  following  bilat¬ 
eral  aortic  nerve  section  or  vagotomy.  It  thus  appears  that  the  carotid 
sinus  responds  to  changes  in  blood  volume  and  influences  the  reflex  cardio¬ 
vascular  responses  to  afferent  stimulation  of  the  LAN.  On  the  other  hand, 
cardiopulmonary  receptors  subserved  by  vagal  afferents  do  not  appear  to  be 
i nvol ved . 

10.  HEMODYNAMIC  RESPONSES  TO  CORONARY  OCCLUSION  IN  EXERCISING  DOGS  (See  Appendix 
Reprint  H3) 

Exercise  (EX)  induces  increased  left  ventricular  function  whereas 
coronary  occlusion  depresses  the  heart.  Their  combined  stress  effects  on 
cardiac  dynamics  are  unknown.  Seven  mongrel  dogs  were  trained  to  run  on 
a  level  treadmill  and  then  surgically  instrumented  to  record  left  ventricu¬ 
lar  pressure,  thereby  permitting  evaluation  of  systolic  (LVSP)  and  end- 
diastolic  (LVEDP)  pressures,  the  maximum  derivative  (dP/dt)  and  heart  rate 
(HR).  Aortic  flow  probes  were  Implanted  to  yield  stroke  volume  (SV)  and 
cardiac  output  (CO).  Cuff  occluders  were  placed  around  the  left  circumflex 
coronary  artery.  After  full  recovery,  responses  to  coronary  occlusion  (Occ) 


at  rest  and  during  EX,  6-8  mph,  were  compared.  Measurements  were  taken 
approximately  3  minutes  after  onset  of  EX  and  50  seconds  after  onset  of 
Occ.  During  EX,  all  control  values  were  elevated  above  resting  controls: 
i.e.,  HR  (96-196  b/mtn);  S V  (32.8-33.9  ml/b);  CO  (3.39-7-03  1/min); 
dP/dt  (3171-^751  mmHg/s) ;  LVSP  (123-161  mnHg) ;  LVEDP  (3. 6-6. 8  itmHg)  . 

Occ  caused  further  increases  in  HR  and  LVEDP  at  rest  and  during  EX  but 
produced  decreases  in  all  other  parameters  measured.  Changes  due  to  Occ 
were  parallel  in  all  cases  except  HR  and  CO  when  rest  and  EX  were  compared. 
Tachycardia  due  to  resting  Occ  was  significantly  greater  than  that  obser¬ 
ved  due  to  Occ  during  EX  (29  vs  9  b/min).  The  fall  in  CO  during  EX  occlu¬ 
sion  was  significantly  greater  than  the  small  fall  in  CO  due  to  resting 
occlusion  (1.32  vs  0.13  1/min).  It  is  apparent  that  the  effects  of  Occ 
on  myocardial  function  at  rest  and  during  moderate  EX  are  similar;  however, 
CO  is  compromised  by  ischemia  during  EX  since  increases  in  heart  rate  no 
longer  compensate  for  the  fall  in  stroke  volume. 

CARDIOVASCULAR  PROTECTION  WITH  AN  ANTI -G  SUIT  DURING  SUSTAINED  +G£  STRESS. 

(See  Appendix  Reprint  #10) 

Lightly  anesthetized  dogs  underwent  one  minute  exposure  to  +G^  accel¬ 
eration  both  with  and  without  a  bladder  type  anti-G  suit.  Prior  chronic 
instrumentation  permitted  evaluation  of  left  ventricular  internal  diameter, 
heart  rate  aortic  arch  pressure,  left  ventricular  pressure,  left  ventri¬ 
cular  and  diastolic  pressure,  left  ventricular  dP/dt,  aortic  flow  and 
total  peripheral  resistance.  During  +3G^  acceleration  without  the  suit 
inflated,  all  dynamic  parameters  were  depressed  and  transient  tachycardia 
was  observed.  After  acceleration  ceased,  all  pressures  and  dP/dt  exceeded 
control  levels.  Inflation  of  the  anti-G  suit  during  +3G^  acceleration 
eliminated  the  dramatic  effects  observed  both  during  and  after  acceleration 
stress.  During  +6G^  with  the  anti-G  suit  inflated,  arterial  pressure  and 


dP/dt  were  maintained  whereas  left  ventricular  end-diastolic  pressure  and 
total  peripheral  resistance  were  much  elevated  and  heart  rate  was  depres¬ 
sed.  At  the  onset  of  G  stress,  internal  diamet  of  the  heart  always  fell 
transiently.  Otherwise,  diameter  was  not  significantly  affected  by  any 
of  the  experimental  conditions.  The  results  suggest  that  the  anti-G  suit 
provides  important  maintenance  of  perfusion  pressure  at  high  sustained  G; 
however,  with  the  anti-G  suit  inflated,  central  venous  pressure  is  drama¬ 
tically  elevated  and  heart  rate  significant .y  depressed.  Thus,  the  bene¬ 
ficial  effects  which  provide  tolerance  to  high  G  are  accompanied  by 
potentially  detrimental  effects. 

INFLUENCES  OF  SELECTIVE  CARDIAC  DENERVATION  DM  CORONARY  REACTIVE  HYPEREMIA  IN 

DOGS.  (See  Appendix  Manuscript  #11) 

Mongrel  dogs  were  chronically  instrumented  to  measure  left  circumflex 
coronary  flow,  arterial  pressure,  left  ctrial  pressure,  ECG ,  heart  rate  and 
in  some  cases,  left  ven  ricular  pressure  or  cardiac  output.  A  cuff-type 
occluder  vas  placed  distal  to  the  coronary  flow  probe.  Total  occlusion 
of  the  left  circumflex  coronary  artery  for  one  minute  in  unsedated,  rest¬ 
ing  dogs  produced  reactive  hyperemia  with  an  average  replacement/deficit 
ratio  of  2.63/1.  In  11  dogs  sympathetic  influences  were  investigated  by 
chronic  surgical  cardiac  sympathectomy.  Surgical  section  of  all  ansae 
subclaviae  reduced  responses  from  2.61/1  to  1.67/1  (P<  .001).  Left  sym¬ 
pathectomy  alone  had  no  effect  on  the  replacement/deficit  ratio  whereas 
selective  right  sympathectomy  reduced  it  from  2.25/1  to  1.38/1.  Pharmacolo¬ 
gical  blockade  was  used  to  determine  beta-receptor  involvemeny  in  the  re¬ 
sponses.  In  9  intact  dogs,  practolol  (10  mg/kg)  reduced  the  reactive  hyper¬ 
emia  ratio  by  12%  (P<.05).  Propranolol  (1  mg/kg)  further  reduced  this  ratio 
by  30%  (P<.001).  Our  results  indicate  that  sympathetic  beta  influences 
work  primarily  through  the  right  cardiac  sympathetic  nerves.  Also,  the 


magnitude  of  the  response  appears  to  be  due,  in  part,  to  increased 
metabolic  activity  associated  with  myocardial  Bj  receptors  and  heart 
rate  increase  as  well  as  active  vasodilation  through  0^  receptors. 

RABBIT  CARDIOVASCULAR  RESPONSES  DURING  VASOACTIVE  DRUG  INFUSION  AT  FIXED 

CAROTID  PRESSURE.  (See  Appendix  Preprint) 

In  anesthetized  rabbits,  peak  reflex  bradycardia  (AKR)  and  depres¬ 
sion  of  mean  arterial  blood  pressure  (AMAP)  were  measured  during  maximal 
central  stimulation  of  the  left  aortic  nerve  (LANS).  Responses  were 
quantified:  (i)  before  and  during  steady  state  changes  (+  15  mmHg)  in 

the  isolated  carotid  intrasinus  pressure  (ISP),  and  (ii)  with  ISP  exclud¬ 
ed  from  the  circulation  and  maintained  at  a  normotensive  level  (EP  =  ISP 
=  MAP)  the  MAP  was  changed  +  20  mmHg  by  the  infusion  of  either  nitrogly¬ 
cerin  (NG) ,  lysine  vasopressin  (AD)  or  phenylephrine  (PE).  Results  indi¬ 
cated  that  within  +  11  mmHg  of  EP,  the  change  in  MAP  per  mmHg  change  in 
ISP  was  3.  while  AMAP  due  to  LANS  changed  nearly  double  per  mmHg  change  in 
ISP.  Following  vagotomy  a  small  increase  in  MAP  was  seen;  however,  cardio¬ 
vascular  responses  to  changes  in  ISP  or  LANS  were  unaltered.  During  drug 
infusion  with  the  carotid  sinuses  excluded  from  the  circulation  and  ISP  = 

EP ,  peak  AHR  and  AMAP  to  LANS  were  independent  of  the  direction  or  magni¬ 
tude  of  the  drug  induced  change  in  MAP.  When  carotid  baroreceptors  were 
allowed  to  detect  the  increase  in  MAP,  the  peak  AHR  and  AMAP  responses  to 
LANS  were  significantly  reduced.  These  results  suggest  a  high  degree  of 
sensitivity  of  the  carotid  sinus  baroreceptors  around  the  animal's  normo¬ 
tensive  region  and  that  activity  from  these  baroreceptors  can  modify  re¬ 
flex  vascular  tension  even  in  the  absence  of  significant  change  in  heart 
rate  or  arterial  pressure. 
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electrical  stimulation  of  the  aortic  nerve,  when  confined  to  one 
cardiac  cycle,  caused  heart  rate  reduction  in  the  anesthetized 
rabbit.  The  average  fall  in  heart  rate  due  to  supramaximal  stimu¬ 
lation  was  8.4  ±  0.3  beats  /min  ( iSEM).  Extent  of  bradycardia 
was  more  closely  related  to  total  number  of  impulses  within  the 
stimulus  burst  than  to  either  burst  duration  or  impulse  frequency. 
The  latency  to  onset  of  the  response  could  not  be  altered  by 
changes  in  any  of  the  stimulus  parameters,  nor  could  it  be  related 
to  the  position  of  the  stimulus  burst  within  the  cardiac  cycle. 
These  results  indicate  that  beat-to-beat  regulation  of  heart  rate 
can  be  accompished  when  afferent  aortic  nerve  activity  is  altered. 

baroreceptors 


arterial  baroreceptors  are  important  sensors  in  the 
reflex  control  of  heart  rate,  systemic  arterial  pressure,  and 
vascular  resistance  (3,  8,  13,  14).  However,  the  means  by 
which  these  receptors  produce  subde  modification  of  the 
cardiovascular  system  is  not  known.  For  example,  no  in¬ 
formation  is  available  to  indicate  whether  or  not  changes 
in  baroreceptor  nerve  activity,  when  confined  to  a  single 
cardiac  cycle,  can  alter  cardiovascular  function  during 
subsequent  beats.  If  such  reflex  control  does  exist,  the  aortic 
baroreceptors,  because  of  their  proximity  to  the  outflow 
of  the  left  ventricle,  would  likely  be  involved.  The  aortic 
arch  normally  contains  chemoreceptors  as  well  as  those 
sensitive  to  changes  in  blood  pressure.  The  aortic  nerve  in 
the  cat  and  dog  carries  information  from  both  receptor 
sources  (6,  7).  In  addition,  it  is  difficult  to  locate  anatom¬ 
ically,  often  being  imbedded  in  the  cervical  vagus  in  the 
dog  and  cat  (7).  We  have  used  rabbits  because  the  aortic 
nerve  is  separate  and  easily  identified  and  is  purported  to 
carry  information  predominately  of  baroreceptor  origin 
(5,  12).  In  this  study,  we  examined  the  magnitude  and 
latency  of  the  heart  rate  response  resulting  from  the  stimu¬ 
lation  of  the  rabbit’s  aortic  nerve  during  a  single  R-R  in¬ 
terval. 

METHODS 

Rabbits  weighing  1.5-2.0  kg  were  anesthetized  with 
sodium  pentobarbital  30  mg/kg  iv.  A  femoral  vein  was 
cannulated  for  supplemental  administration  of  the  anes¬ 
thetic.  Blood  pressure  was  monitored  using  a  Statham 


P23dB  strain  gauge  connected  to  a  catheter  in  the  femoral 
artery.  Needle  electrodes  were  placed  along  the  sternum 
to  monitor  heart  rate  using  a  Beckman  985 7B  cardiotachom- 
eter  coupler.  All  parameters  were  recorded  on  a  TWl-man 
R41 1  oscillograph.  A  tracheotomy  was  performed  and  the 
animals  were  artificially  ventilated  to  assure  the  mainte¬ 
nance  of  normal  blood  Pot ,  Pcoj ,  and  pH.  The  left  aortic 
nerve  (LAN)  was  isolated  in  the  cervical  region  as  previ¬ 
ously  described  (11)  and  sectioned  at  a  level  1  cm  rostal 
to  the  point  of  the  sternum.  The  central  end  of  the  aortic 
nerve  was  placed  onto  bipolar  hook  electrodes  (platinum- 
irridium)  which  were  connected  to  a  Grass  SD9  stimulator. 
A  pulse  from  the  cardiotachometer  which  was  synchronous 
with  each  R  wave  of  the  ECG  activated  the  Schmitt  trigger 
of  a  DEC  PDP  8/E  digital  computer.  Electrical  stimulation 
of  the  LAN  and  continuous  calculation  of  each  R-R  in¬ 
terval  were  accomplished  using  the  computer.  An  experi¬ 
mental  trial  consisted  of  10  successive  control  heartbeats 
followed  by  a  burst  of  electrical  impulses  (stimulus  burst)  in¬ 
serted  at  a  predetermined  position  within  the  next  R-R 
interval  (1 1th  beat).  The  response  to  stimulation  was 
monitored  until  a  total  of  25  s  had  elapsed.  Subsequent  trials 
were  performed  at  I -min  intervals  using  the  same  stimulus 
conditions.  After  10  successive  trials  had  been  summated,  an 
average  R-R  interval  was  calculated  by  the  computer  for 
each  heartbeat  during  the  control  state  and  following  the 
stimulation.  From  these  data,  the  peak  changes  in  R-R  inter¬ 
val  as  well  as  the  latencies  to  onset  and  peak  response  were 
calculated .  The  latency  to  onset  was  measured  as  the  time 
from  the  beginning  of  the  stimulus  burst  to  the  end  of  the  first 
R-R  interval  which  exceeded  the  average  control  interval. 
Latency  to  peak  response  was  measured  as  the  time  from 
the  beginning  of  the  stimulus  burst  to  the  end  of  the  long¬ 
est  heart  interval  monitored  during  the  summated  trials. 

RESULTS 

Previous  studies  in  our  laboratory  have  shown  that  dur¬ 
ing  continuous  aortic  nerve  stimulation  maximum  changes 
in  heart  rate  can  be  elicited  by  a  stimulation  frequency 
of  80  Hz  using  10-V  rectangular  pulses  of  0.3  ms  duration 
(11).  Using  these  parameters,  we  stimulated  the  aortic  nerve 
during  one  R-R  interval  (10  pulses  at  80  Hz)  to  determine  if 
heart  rate  changes  could  be  elicited.  In  17  animals,  the  aver¬ 
age  decrease  in  heart  rate  was  8.4  ±  0.33  beats /min 
(dbSEM)  from  a  resting  level  of  287  ~  4.2  beats/min 
(P  <  0.001).  Following  the  beginning  of  the  stimulus  burst, 
the  latencies  to  onset  and  peak  response  were  1.7  ±  0. 1  and 
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no.  1.  Average  heart  interval  response  to  left  aortic  nerve  (LAN) 
stimulation.  A  single  stimulus  burst  confined  to  1  R-R  interval  is 
applied  to  LAN  at  heartbeat  0.  Changes  in  R-R  (heart)  interval  in 
milliseconds  are  indicated  on  ordinate.  Numbers  of  heartbeats  during 
a  10-beat  control  period  (to  left  of  zero)  and  during  response  segment 
(to  right  of  zero)  are  shown  on  abscissa.  A:  average  response  in  8 
animals  when  pulse  number  was  fixed  at  10.  B:  burst  duration  was 
fixed  at  125  ms  (n  «*  6).  C:  pulse  frequency  was  fixed  at  80  pulses/s 
(n  m  7).  In  each  case  a  significant  difference  existed  at  peak  of  re¬ 
sponse  P  <  .03;  however,  it  is  apparent  that  difference  in  peak  re¬ 
sponse  when  pulse  number  is  fixed,  part  A  is  slight  in  comparison  to 
conditions  in  parts  B  and  C. 

9.2  i  0.3  intervals,  respectively.  Change  in  location  of  the 
stimulus  burst  within  the  R-R  interval  had  no  effect  on  either 
of  the  latencies  or  the  peak  response.  Thus,  reflex  heart  rate 
changes  were  initiated  within  one  heart  cycle  following  an 
alteration  in  aortic  nerve  activity  during  a  single  R-R  in¬ 
terval. 

In  order  to  investigate  the  influence  of  each  of  the  three 
variables  of  the  stimulus  burst  on  the  heart  rate  response 
(burst  duration  X  impulse  frequency  =*  total  impulse 
number),  each  was  held  constant  during  10  consecutive 
trials.  Figure  1  shows  the  relationship  between  changes  in 
R-R  interval  and  elapsed  heartbeats  during  a  series  of 
trials.  In  each  panel  (.4,  B,  C)  one  of  the  three  stimulus 
variables,  impulse  number  (.4),  burst  duration  (B),  or 
impulse  frequency  (C),  was  held  constant.  A  comparison 
could  then  be  made  as  the  two  remaining  stimulus  condi¬ 
tions  were  altered. 

Figure  1A  illustrates  the  reflex  heart  interval  response 
(R-R  interval)  when  the  product  of  impulse  frequency  and 
burst  duration  (impulse  number)  was  held  constant  at  10. 
The  response  elicited  by  a  stimulus  burst  duration  of  125  ms 
was  compared  to  that  elicited  by  a  62-ms  burst.  Thus, 
impulse  frequency  was  simultaneously  increased  from  80 
to  160  Hz.  Since  little  change  in  the  reflex  bradycardia  was 
elicited,  increased  impulse  frequency  at  constant  impulse 
number  does  not  markedly  increase  reflex  heart  rate  modi¬ 
fication  via  the  aortic  nerve.  This  is  supported  by  the  find¬ 
ing  that  increases  in  the  frequency  of  aortic  nerve  activity 
in  the  rabbit  in  response  to  augmented  aortic  blood  pres¬ 
sure  are  the  result  of  successive  recruitment  of  nerve  fibers 
having  higher  pressure  thresholds  rather  than  by  increased 
firing  rates  of  the  individual  fiben  involved  (2).  The  type 


of  changes  in  nerve  discharge  that  we  produced  by  in¬ 
creasing  discharge  frequency*  at  the  expense  of  burst 
duration  might,  therefore,  be  expected  to  occur  in  response 
to  increases  in  the  slope  and  peak  aortic  pressure  which 
are  not  accompanied  by  similar  mean  pressure  changes. 
In  the  intact  animal,  such  an  increase  in  slope  and  peak 
of  aortic  pressure  would  stimulate  a  greater  number  of 
individual  fibers  within  a  shorter  period  of  time  leading  to 
an  increase  in  the  whole-nerve  discharge  frequency  during 
the  systolic  phase,  although  burst  duration  would  be  shorter 
for  each  cardiac  cycle. 

By  contrast,  when  burst  duration  was  fixed  at  125  ms, 
doubling  the  impulse  frequency  from  80  to  160  Hz,  which 
simultaneously  increased  total  impulse  number  from  10  to 
20,  caused  a  93%  increase  in  peak  reflex  bradycardia 
(Fig.  IB).  Previously,  when  impulse  number  was  fixed 
(Fig.  1  A),  increased  impulse  frequency  had  little  effect 
on  the  response.  Consequently,  impulse  number  in  the 
aortic  nerve  appears  to  be  an  important  reflex  regulator  of 
heart  rate. 

Finally,  impulse  frequency  was  held  constant  at  80  Hz 
while  burst  duration  was  increased  from  62  to  125  ms 
which  once  again  caused  impulse  number  to  double,  this 
time  from  5  to  10  (Fig.  1C).  This  caused  a  70%  increase  in 
peak  effect,  again  implicating  the  important  influence  of 
total  pulse  number.  Previous  studies  have  demonstrated 
that  while  individual  baroreceptor  fibers  are  recruited  ,  by 
increased  systolic  pressure  in  the  aortic  arch,  increased 
mean  arterial  blood  pressure  leads  to  increased  whole- 
nerve  activity  during  the  diastolic  phase  as  well  (1,  13).  This 
causes  an  increase  in  impulse  burst  duration  which  may  not 
be  accompanied  by  changes  in  peak  systolic  discharge  fre¬ 
quency.  This  condition  is  similar  to  that  depicted  in  Fig. 
1C  which  leads  to  augmented  bradycardia. 

DISCUSSION* 

The  proximity  of  the  aortic  baroreceptors  to  the  outflow 
of  the  left  ventricle  suggests  that  these  receptors  may  play 
a  vital  role  in  the  beai-to-beat  regulation  of  the  heart. 
Indeed,  our  results  show  that  alterations  in  aortic  nerve 
activity  in  a  single  cardiac  cycle  can  elicit  significant 
changes  in  the  heart  rate  within  the  next  heart  cycle.  The 
magnitude  of  the  bradycardia  is  primarily  dependent  on 
the  total  number  of  impulses  delivered  within  the  stimulus 
burst.  The  offsetting  influence  of  impulse  frequency  and 
burst  duration  on  peak  bradycardia,  when  impulse  number 
was  held  constant,  infers  an  approximately  equal  influence 
of  frequency  and  duration.  The  nature  of  their  inverse 
relationship,  however,  precludes  determination  of  their 
independent  influences  on  the  reflex.  Both  the  latency  to 
onset  and  latency  to  peak  effect,  when  evaluated  in  terms 
of  the  number  of  heartbeats  following  the  stimulus  burst, 
are  independent  of  stimulus  impulse  number  and  fre¬ 
quency.  Of  course,  the  latency  to  peak  effect,  when  evalu¬ 
ated  as  a  function  of  time,  increases  as  the  response  in¬ 
creases  since  the  time  between  beats  becomes  greater.  In¬ 
creases  in  pulsatile  aortic  pressure  have  been  shown  to  elicit 
increases  in  the  frequency  of  aortic  nerve  activity  via  fiber 
recruitment  primarily  during  the  systolic  phase  (2).  How¬ 
ever,  our  results  suggest  that  increased  frequency  of  aortic 
nerve  activity  in  itself  does  not  increase  the  reflex  heart  rate 
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response  when  the  stimulus  burst  duration  is  decreased. 
Indeed,  augmented  pulse  pressure,  which  might  lead  to 
increased  peak  systolic  discharge  frequency  and  a  shorter 
burst  duration,  has  been  shown  to  have  small  reflex  cardio¬ 
vascular  effects  (1,  14).  However,  elevation  of  mean  arterial 
pressure  increases  the  frequency  of  nerve  activity  during 
both  systole  and  diastole  (4,  13),  thus  increasing  both 
stimulus  burst  duration  and  impulse  frequency.  Elevated 
mean  arterial  blood  pressure  has  been  shown  to  elicit 
potent  reflex  cardiovascular  effects  (1,  8). 

Recent  studies  in  which  the  carotid  sinus  nerve  was 
stimulated  indicate  results  similar  to  our  findings  for  aortic 
nerve  stimulation.  Ln  working  unanesthetized  dogs,  Jonzon 
et  al.  (9)  showed  that  continuous  stimulation  frequencies 
of  60-100  Hz  caused  a  maximal  initial  effect  on  heart 
rate.  This  supports  our  earlier  findings  in  the  rabbit  (11) 
as  well  as  the  results  of  others  using  anesthetized  dogs  (7). 
By  contrast,  steady-state  blood  pressure  was  maximally  ef¬ 
fected  at  stimulus  frequencies  in  the  30-  to  50-Hz  range. 
In  an  allied  study,  Jonzon  et  al.  (10)  showed  that  the  re¬ 
flex  blood  pressure  changes  elicited  by  carotid  sinus  nerve 
stimulation  (CSNS)  were  primarily  dependent  on  impulse 
number  rather  than  frequency.  This  supports  our  present 
findings  using  the  aortic  nerve.  They  showed  that  intermit¬ 
tent  CSNS  could  elicit  the  same  blood  pressure  effect  as 
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continuous  CSNS  at  different  frequencies.  Their  conclusions 
were  that  “central  integrative  functions”  somehow  reorder 
this  pulsatile  information  and  emit  the  appropriate  efferent 
response  without  regard  to  afferent  frequency  per  se.  A 
similar  mechanism  may  be  operative  in  the  aortic  nerve  con¬ 
trol  of  heart  rate. 

Analysis  of  the  rapid  reflex  control  of  heart  rate  via 
aortic  baroreceptors  on  the  basis  of  peak  nerve  discharge 
frequencies  or  total  impulse  numbers  alone  may  not  yield 
an  accurate  picture  of  how  the  entire  reflex  system  re¬ 
sponds  to  changes  in  arterial  blood  pressure.  The  discon¬ 
tinuous  nature  of  baroreccptor  nerve  activity’  demands  that 
more  than  impulse  frequency  and  impulse  number  be 
studied.  The  slight  increase  in  reflex  bradycardia  elicited 
by  longer  burst  duration  in  the  face  of  decreased  impulse 
frequency  indicates  that  the  central  integrative  mechanism 
in  concert  with  its  efferent  pathways  may  be  sensitive  to 
the  total  time  of  afferent  nerve  activity  as  well  as  to  changes 
in  impulse  number. 
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Bishop,  Vernon  S.,  Robert  L.  Kaspar,  Georce  E.  Barnes, 
and  Merrill  B.  Karoon.  Left  ventricular  function  during  acute  regional 
myocardial  ischemia  in  the  conscious  dog.  J.  Appl.  Physiol.  37(6):  783- 
792.  1974. — The  effects  of  acute  1-min  occlusion  of  the  left  cir¬ 

cumflex  coronarv  artery  on  the  inotropic  state  and  performance  of 
the  left  ventricle  were  examined  in  adult  mongrel  dogs.  The  ino¬ 
tropic  state,  as  indicated  by  changes  in  the  maximum  derivative 
of  left  ventricular  pressure  in  the  preejection  phase  and  the  maxi¬ 
mum  derivative  of  the  transverse  internal  diameter,  were  dimin¬ 
ished  during  the  ischemic  period.  The  end-systolic  diameter  in¬ 
creased  3.3  i  0.6  mm  while  the  end-diastolic  diameter  increased 
only  0.4  *  0.2  mm,  although  the  end-diastolic  pressure  increased 
6.9  ~r  0.6  mmHg.  Progressive  decreases  in  the  stroke  volume 
paralleled  the  apparent  reduction  in  myocardial  fiber  shortening  in 
the  transverse  plane.  Cardiac  output  and  arterial  pressure  declined, 
concurrently,  thus  maintaining  a  constant!  peripheral  resistance 
during  the  occlusion.  Acute  coronary  occlusion  also  caused  an 
apparent  increase  in  the  myocardial  wall  st  ffness  as  judged  by  the 
increase  in  the  slope  a  of  the  equauon  dP/dV  »  aP  4-  B,  the  in¬ 
crease  of  the  slope  of  the  pressure-diameter  relationship,  and  the 
decrease  in  the  rate  ol  lengthening  of  the  diameter  during  diastole. 
These  findings  suggest  that  acute  myocardial  ischemia  results  in 
an  immediate  reduction  in  the  effective  inotropic  state  and  an 
apparent  increase  in  the  myocardial  wall  stiffness  in  the  transverse 
plane.  Both  of  these  changes  resulted  in  a  decrease  in  performance 
of  the  left  ventricle. 

coronary  artery  occlusion;  myocardial  fiber  shortening;  dP/d t 


although  numerous  studies  have  demonstrated  that  left 
ventricular  function  is  compromised  during  myocardial 
ischemia  (7,  9,  11,  12)  and  infarction  (16,  17),  relatively 
little  is  known  concerning  the  immediate  changes  in  left 
ventricular  function  in  conscious  animals  during  acute 
myocardial  ischemia.  Most  of  our  present  information  has 
been  derived  cither  from  acute  animal  studies  (7,  12,  31) 
or  from  patients  during  stress-induced  angina  (11).  Fur¬ 
thermore,  recent  studies  in  patients  have  suggested  that, 
during  ischemia,  increases  in  myocardial  wall  stiffness  may 
severely  limit  and  cause  misinterpretation  of  the  Frank- 
Starling  reserve  (9,  1 1 ).  Therefore  it  is  the  purpose  of  this 
study  to  evaluate,  in  conscious  dogs,  the  reduction  in  left 
ventricular  performance  during  acute  regional  myocardial 
ischemia.  We  attempted  to  identify,  as  contributing  factors, 
changes  in  the  inotropic  state,  extent  of  myocardial  fiber 
shortening,  and  ventricular  wail  stiffness. 


To  accomplish  these  aims,  left  ventricular  pressure, 
transverse  internal  diameter,  and  stroke  volume  were  meas¬ 
ured  before  and  during  acute  1-min  occlusions  of  the  left 
circumflex  coronary  artery. 

METHODS 

Surgery.  In  13  adult  mongTel  dogs  (16-20  kg)  sterile 
thoracotomies  were  performed  under  methoxyflurane  anes¬ 
thesia.  By  using  the  technique  previously  described  (3,  4, 
20),  two  sonomicrometer  transducers  were  implanted  on 
the  endocardial  surface  of  the  left  ventricle — one  on  the 
anterior  and  the  other  on  the  posterior  left  ventricular  wall. 
Through  a  second  stab  wound  near  the  apex  a  calibrated 
solid-state  pressure  transducer  (Konigsberg  Instruments, 
P-18)  was  implanted  in  the  left  ventricle.  A  previously 
calibrated  electromagnetic  flow  probe  was  placed  around 
the  ascending  aorta,  and  an  18-gauge  polyvinyl  catheter 
was  placed  in  the  left  atrial  appendage.  1116  left  circumflex 
coronary  artery  was  exposed  dose  to  its  origin  and  an 
occlusive  device,  similar  to  that  reported  by  Chimoskey  et 
al.  (8),  was  placed  proximal  to  the  first  segment  of  the 
vessel.  In  some  animals  a  small  electromagnetic  flow  probe 
was  placed  proximal  to  the  cuff-  A  careful  dissection  was 
performed  in  order  to  minimize  any  gross  damage  to  the 
nerve  supply  of  che  artery.  Occasionally,  small  branches  of 
the  left  circumflex  were  sacrificed  during  the  dissection, 
but  in  no  circumstances  did  this  lead  to  a  damaged  area  as 
judged  from  visual  observations  and  pathological  examina¬ 
tion  at  autopsy.  The  electrical  leads,  catheters,  and  distal 
end  of  the  occluding  device  were  exteriorized  at  the  back 
of  the  neck.  Approximately  two  weeks  were  allowed  for 
recovery  and,  at  the  time  coronary  occlusions  were  per¬ 
formed,  body  temperature  and  ECG  were  normal. 

Measuring  of  flow,  pressure,  and  diameter.  A  Zepeda  SW  FI 
electromagnetic  flowmeter  was  used  to  detect  aortic  flow 
and  coronary  blood  flow.  The  flow  probes  were  calibrated 
in  vitro  before  implantation  and  rechecked  after  the  animals 
were  killed.  In  some  cases  the  in  vivo  calibration  of  the 
aor.ic  flow  probes  was  checked  by  using  dye  dilution  tech¬ 
niques,  and  in  ail  cases  the  calibrations  agreed  within  5G. 
The  signal  in  late  diastole  was  assumed  to  represent  zero 
aortic  flow.  Zero  coronary  flow  was  determined  by  occlu¬ 
sion  of  the  coronary  artery.  Stroke  volume  was  obtained 
from  aortic  flow  by  analog  integration  of  each  ejection 
period,  using  a  Philbrick  operational  amplifier. 
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Left  ventricular  transverse  internal  diameter  was  ob¬ 
tained  by  use  of  a  sonomicrometer  which  measures  the 
mean  transit  time  for  a  burst  of  5  mHz  ultrasound  between 
the  two  piezoelectric  crystals  at  a  sampling  rate  of  5,000 
times  per  second  (30).  Since  the  velocity  of  sound  in  blood 
is  known,  transit  time  is  convertible  to  distance. 

Left  ventricular  pressures  were  measured  by  Konigsberg 
Instrument  P-18  solid-state  pressure  transducers  (3,  18-20). 
The  sensitivity  of  the  transducers  normally  remains  stable 
during  implantation.  On  occasion,  under  local  anesthetics, 
catheters  were  inserted  into  the  left  ventricle  to  verify  the 
calibrations  of  the  transducers.  The  reliability  of  the  trans¬ 
ducers  was  also  estimated  by  comparing  the  left  ventricular 
pressure  with  the  arterial  pressure  at  the  time  of  ejection. 
Since  a  routine  check  of  zero  left  ventricular  pressure  by  a 
catheterization  technique  was  not  possible,  the  zero  drift 
was  normally  corrected  by  adjusting  left  ventricular  end- 
diastolic  pressure  to  equal  mean  left  atrial  pressure  at  the 
beginning  of  the  experiment  while  the  animal  was  resting 
quietly  on  its  right  side  (3,  4,  28). 

Differentials  of  pressure  and  diameter  were  obtained  by 
using  an  SQ10A  operational  amplifier. (Analog  Devices)  or 
by  digital,  techniques  (25).  The  analog  derivative  was 
checked  by  differentiating  a  sine  wave,  using  the  opera¬ 
tional  amplifier.  The  phase  shift  was  90°  and  the  amplitude 
of  the  differential  output  was  linear  between  0.5  and  100 
Hz.  The  differential  was  calibrated  using  a  triangular  wave. 

Mean  arterial  pressures  were  recorded  through  a  catheter 
implanted  in  the  left  carotid  artery.  Routine  electrocardio¬ 
grams  were  recorded  with  subcutaneous  needle  electrodes. 
Electrical  evaluation  of  the  ischemia  produced  during 
coronary  occlusion  was  obtained  with  a  standard  precordial 
electrocardiogram,  with  the  indifferent  electrode  connected 
to  the  ground  of  the  coronary  flow  probe  when  the  probe 
was  not  used.  Peaking  of  the  T-wave  with  S-T  segment 
elevation  was  observed  in  each  animal  during  the  period 
of  ischemia. 

Recording.  All  signals  were  inscribed  simultaneously  on  a 
Type  R  Beckman  oscillographic  recorder  and  an  Ampex 
FR  1300  magnetic  tape  recorder.  Tapes  were  analyzed 
with  a  Philco  3000  Digital  computer  after  analog-co¬ 
digital  conversion.  The  left  ventricular  internal  diameter 
and  aortic  flow  and  the  integral  of  aortic  flow  were  exam¬ 
ined  as  a  function  of  the  R-R  interval  of  the  electrocardio¬ 
gram.  Integrated  aortic  flow  and  left  ventricular  pressure 
were  computed  as  a  function  of  left  ventricular  diameter 
(3,  4,  18,  28). 

Protocol.  The  coronary  artery  occlusive  devices  were 
checked  in  vitro  as  to  the  pressure  and  volume  required  to 
occlude  the  various  size  arteries.  To  assure  the  effectiveness 
of  the  occluding  device,  in  vivo  transient  occlusions  were 
performed  at  the  time  of  implantation.  During  the  occlu¬ 
sion  experiments  identical  volumes  and  pressures  were  used 
to  occlude  the  coronary  artery.  In  those  animals  with 
coronary  flow  probes  the  occlusion  of  the  circumflex  coro¬ 
nary  artery  eliminated  blood  flow  into  the  artery  within  3  s. 

Resting  measurements  were  obtained  while  the  animal 
was  lying  quietly  on  its  right  side,  unsedated  and  unre¬ 
strained.  Following  these  measurements  the  left  circumflex 
coronary  artery  was  occluded  for  1  min  and  released.  Addi¬ 
tional  occlusions  were  performed  only  after  all  parameters 


had  returned  to  the  preocclusive  level.  This  was  accom¬ 
plished  within  90  s.  Occlusions  were  performed  on  at  least 
two  separate  days  in  each  animal,  and  hemodynamic  alter¬ 
ations  were  reproducible  at  A  10%.  .As  demonstrated  by 
the  statistical  analysis  in  Table  1,  the  group  response  was 
also  reproducible.  Statistical  comparisons  were  made  using 
the  t  test  for  paired  data.  P  values  <  0.05  were  considered 
significant. 

To  evaluate  the  effects  of  increases  in  the  initial  preload, 
the  left  ventricular  end-diastolic  pressure  (LVEDP)  and 
the  end-diastolic  diameter  (EDD)  were  increased  in  five 
animals  by  intravenous  infusion  of  Tyrode  solution  (37°C) 
(2,  3)  and  occlusion  was  performed.  The  LVEDP  was 
raised  in  each  animal  to  a  level  significandy  higher  than 
the  control  level,  but  care  was  taken  not  to  raise  the  LVEDP 
to  levels  which  produce  reflex  tachycardia. 

In  three  animals,  changes  in  EDD  during  elevation  in 
preload  by  intravenous  infusions  of  Tyrode  solution  were 
compared  to  the  changes  in  EDD  resulting  from  coronary 
occlusion.  To  maintain  a  continuous  rise  in  LVEDP,  similar 
to  that  observed  during  acute  coronary  occlusion,  Tyrode 
solution  was  infused  (300-400  ml/min)  into  a  catheter  in 
the  left  jugular  vein.  The  total  volume  infused  ranged  from 
400  to  600  ml.  This  volume  did  not  significandy  alter  the 
hematocrit  (3,  4).  The  increments  in  EDD  resuldng  from 
these  increases  in  LVEDP  were  compared  to  those  observed 
during  coronary  artery  occlusion  at  similar  LVEDP. 

In  four  additional  animals  instrumented  with  aortic  flow 
probes,  infusions  were  performed  using  the  above  tech¬ 
nique.  When  the  stroke  volume  became  fixed  at  a  maximum 
level,  mean  left  atrial  pressure  response  was  noted. 

Estimation  of  ventricular  wall  stiffness.  The  passive  elastic 
modulus  during  diastole,  as  defined  by  Diamond  and  For¬ 
rester  and  associates  (9,  10)  was  used  to  estimate  the  change 
in  myocardial  wall  stiffness  during  coronary  artery  occlu¬ 
sion.  With  this  method  the  equation  dP/dV  =>  aP  -j-  B 
linearly  relates  the  reciprocal  of  compliance  during  diastole 
to  the  pressure  during  diastole.  The  slope  a  of  the  equation 
is  used  to  signify  changes  in  myocardial  wall  stiffness.  The 
derivative  of  pressure  (dP)  is  approximated  by  the  change 
in  left  ventricular  pressure  during  diastole  and  is  equal  to 
the  left  ventricular  end-diastolic  pressure  (LVEDP)  minus 
the  left  ventricular  pressure  following  systole,  ESP  (AP  = 
EDP  —  ESP,  Fig.  1).  The  derivative  of  volume  (dV)  was 


TABLE  1.  Average  values  and  mean  changes  during 
coronary  artery  occlusion  in  13  dogs 


Condition 

* 

i  Mean 
j  Cardiac 
.  Output, 

1  (mlAf 
!  mini 

i  i 

Stroke  Volume,  ‘Heart  Rate, 
imJ/beat'fc(j  ;  beau/ min 

!  1  ! 

Arterial 

Pressure, 

fflmHf 

Control 

'  171 A27 

:  1.49  A0. 29  i  U4AI2  i 

101 A9 

Coronary  occlusion 

’  144a  J 1 

1  00 A0. 23  :  148A12  ! 

85  a  18 

Mean  difference 

—27=6  + 

-0.50AO.30f  35A9f 

—  16=6* 

No.  of  paired  ob- 
tervaiion* 

13 

13  i  13  ! 

1  ; 

9 

Values  corresponding  to  control  and  during  coronary  occiusino 
are  means  A  SEM.  Mean  difference  A  SD  compares  the  changes 
between  control  and  coronary  occlusion.  *  P  <  0.05,  t  P  < 
0.001 . 
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fig.  1.  Analog  recording  of  aortic  flow  (AF),  stroke  volume  (SV), 
left  ventricular  pressure  (LVP),  left  ventricular  internal  diameter 
tLVID),  and  left  ventricular  end-diastolic  pressure  (LVEDP)  is 
shown  before  and  during  the  peak  response  to  occlusion  of  the  left 
circumflex  coronary  artery.  ESP  =*  minimum  left  ventricular  pressure 
after  systole;  EDP  -  LVEDP;  EDD  -  left  ventricular  internal  end- 
diastolic  diameter;  and  ESD  *  left  ventricular  internal  end-systoiic 
diameter.  The  change  in  volume  (AV)  during  diastole  is  equated  to 
the  preceeding  stroke  volume  (SV). 


approximated  by  the  stroke  volume  during  a  steady-state 
condition.  In  the  present  study,  the  slope  a  of  the  above 
relationship  was  evaluated  in  five  dogs  before  and  during 
occlusion  of  the  coronary  artery.  Calculations  of  dP  and  P 
were  similar  to  those  described  by  Diamond  and  Forrester 
and  co'vorkers  (9,  10). 

Critique  of  methods.  Investigators  using  a  variety  of  tech¬ 
niques  have  confirmed  that  the  canine  left  ventricle  ejects 
blood  primarily  by  shortening  in  the  transverse  plane  and 
that  changes  in  the  apex-base  plane  are  slight  (1,  29). 
Studies  in  this  laboratory  have  established  a  linear  relation¬ 
ship  between  the  volume  ejected  and  the  greatest  transverse 
internal  diameter  (3,  4,  18,  28).  Left  ventricular  internal 
diameter  and  volume  changes  have  been  related  in  non¬ 
beating  hearts  as  well  as  in  the  spontaneously  beating 
hearts  of  conscious  dogs  (2,  6).  Furthermore,  during  passive 
distension  of  the  left  ventricle  in  nonbeating  hearts,  diame¬ 
ter  changes  linearly  with  volume,  while  pressure  varies  as 
an  exponential  function  of  volume  as  shown  in  Fig.  2.  In 
six  animals  the  linearity  of  the  diameter-volume  relation¬ 
ship  was  highly  significant  ( P  <  0.001 ),  as  was  the  expo¬ 
nential  relationship  of  pressure  and  volume.  Thus,  these 
experiments  confirm  the  utility  and  reliability  of  the  use  of 
left  ventricular  transverse  internal  diameter  as  an  index  of 
volume  change. 

The  placement  of  the  sonomicrometer  transducers  with 
respect  to  the  ischemic  tissue  was  evaluated  by;  /)  injecting 
latex  or  silastic  into  the  left  circumflex  coronary  artery  at 


no.  2.  Relationship  of  left  ventricular  internal  diameter  and  pres¬ 
sure  to  volume  in  a  nonbeating  heart. 


autopsy,  and  dissecting  the  area  of  distribution  (7  dogs); 
2)  electrocardiographic  changes  in  one  acute  dog,  using 
electrodes  placed  directly  on  the  left  ventricle;  3)  visual 
observations  of  discoloration  during  a  test  occlusion  at  the 
time  of  surgery  (all  dogs);  and  4)  histological  sections  fol¬ 
lowing  a  permanent  occlusion  (1  dog).  In  all  cases  the 
transducers  were  implanted  in  normal  myocardial  tissue. 
In  four  additional  dogs  myocardial  blood  flow  distribution 
was  evaluated  before  and  during  coronary  occlusion  by 
using  the  radioactive  microsphere  technique.  The  perfusion 
of  the  ventricular  tissue  surrounding  die  area  of  implanta¬ 
tion  was  unaltered  by  coronary  occlusion. 

Myocardial  wall  stiffness.  Recent  studies  have  provided  a 
clearer  insight  into  the  pressure-volume  (P-V)  relationship 
of  the  left  ventricle  (9,  10).  The  P-V  relationship  obtained 
in  these  studies  was  approximated  by  an  exponential  re¬ 
lationship.  The  reciprocal  of  compliance,  dP/dV,  was  thus 
a  linear  function  of  pressure  (P).  The  slope  a  of  the  equa¬ 
tion  dP/dV  =  oPr  B  was  shown  to  be  related  to  the  wall 
stiffness  and  was  termed  the  passive  elastic  modulus.  This 
index  was  a  quantitative  measure  of  left  ventricular  wall 
stiffness;  the  wall  stiffness  is  a  measure  of  the  passive  stress- 
strain  characteristic  of  the  left  ventricle  and  determines 
how  well  the  ventricle  will  expand  for  a  given  diastolic 
pressure.  The  slope  a  was  independent  of  ventricular  size 
and  rate  of  change  of  pressure,  and  was  only  slighdy  affected 
by  changes  in  left  ventricular  geometry.  AP/AV  is  an  aver¬ 
age  of  dP/dV  during  diastole.  Since  the  pressure  gradients 
from  the  beginning  to  end  of  diastole  are  relatively  small, 
further  division  of  the  gradients  would  result  in  additional 
inaccuracies.  Another  approach  would  be  to  take  the  differ¬ 
ential  of  the  left  ventricular  pressure  and  diameter  during 
diastole,  but,  reliable  differentials  of  the  pressure  during 
this  portion  of  the  cardiac  cycle  are  difficult  to  obtain.  Thus, 
in  our  conscious  animal  studies,  the  AP/AV  obtained  by  the 
method  of  Diamond  appears  preferable  to  other  methods. 

RESULTS 

Thirty-eight  acute  coronary  occlusions  were  performed 
in  13  conscious  dogs.  The  average  response  and  the  mean 
differences  are  shown  in  Table  1  and  Table  2.  In  eleven 
animals,  1-min  occlusions  of  the  left  circumflex  coronary 
artery  did  not  result  in  an  ov  ert  display  of  pain.  Two  ani¬ 
mals  may  have  had  a  moment  of  discomfort,  for  each 
extended  its  left  leg  at  the  onset  of  the  occlusion  period. 

Figure  3  illustrates  a  typical  ventricular  response  to  acme 
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table  2.  Average  values  and  mean  changes  during 
coronary  artery  occlusion  in  13  dogs 


Condition 

t  1  Lelt  Ventricular 

Lett  \  entneubr  inttInaj  Diameter 
Pressure  |L\  P)  ,  (Lvn>) 

_ 

1 

PeakdD/d i  1  Peak  dP.'dt 

! 

Peak  • 
jyv 
lohc,  . 
mmHg; 

End  End 

diastolic,  diastolic, 
mmHg  !  mm 

End 

systolic. 

Sys-  !  Dis-  '•  ?'e( 

lole,  stole.  ;  .£5 
min/i 

Relaxa¬ 
tion, 
mm¬ 
Hg/ » 

Con  trol 

115! 

1 

6.2  i  31.3 

23.2 

1  : 

-67  i  99  |  2813 

2398 

±23 

*1.7  !  =3.2 

±7.8 

s:14  s:18  ^663 

±588 

Coronary 

101, 

13.3  j  31.6 

27.0 

-49;  59  I  2269 

1788 

occlusion 

±22: 

=2.5  !  ±8.1 

±8.2 

±10  ±17  ±463 

±534 

Mean  dif- 

—15! 

6.9  |  0.4 

3.8 

—18  J — It  542 

-623 

ference 

u-3*1 

±0.  7fi  ±0  2* 

±0.6f 

±4f!  ±4f  ±103( 

(  i 

±84 

Values  corresponding  to  control  and  during  coronary  occlusion 
are  mean  ±  S£M.  Mean  difference  ±  SD  compares  to  changes 
between  control  and  coronary  occlusion.  dD/dt,  Maximum  deriva¬ 
tive  of  LVID.  dP/  dr,  Maximum  derivative  of  LVP.  *  P  <  0.05, 
t  P  <  0.01. 

occlusion  of  -the  left  circumflex  coronary  artery.  As  coro¬ 
nary  blood  flow  fell  to  zero,  left  ventricular  end -systolic 
diameter  (ESD),  heart  rate  (HR),  and  left  ventricular 
end-diastolic  pressure  (LVEDP)  increased  progressively 
toward  a  level  which  was  constant  during  the  occlusive 
period.  Maximum  changes  were  reached  37.8  i  8.5  s 
ifter  onset  of  the  occlusion.  This  response  was  reproducible 
in  a  single1  animal  or  group  of  animals  from  day  to  day. 
During  the  1-min  occlusion  there  was  peaking  of  the  T-wave 
on  the  electrocardiogram.  Ventricular  ectopic  beats  or 
premature  beats  were  seldom  seen  during  occlusive  periods. 
Postocclusion  recovery  of  left  ventricular  performance  was 
romplete  within  90  s. 

The  most  dramatic  response  to  occlusion  of  the  coronary 
artery  was  observed  in  the  elevation  of  the  end-systolic 
diameter  (3  3  *  0.6  mm)  (Fig.  3,  Table  2).  The  average 
iatenev  for  the  initial  changes  in  ESD  was  5.6  ±  1.9  s.  In 
contrast,  the  end-diastolic  diameter  (EDD)  was  little 
affected  by  the  occlusion  despite  increases  in  filling  pressure 
LVEDP.  6.9  *  0.7  mmHg).  The  decline  in  stroke  volume 
—  0.50  ss  0.30  ml  beats  kg)  (Table  1)  reached  a  maxi¬ 
mum  value  in  37.3  i  8.5  s  and  was  correlated  with  the 
reduction  in  the  extent  of  shortening  in  the  transverse 
plane.  Heart  rate  was  elevated  in  each  animal  in  response 
:o  the  occlusion  of  the  left. circumflex  coronary'  artery  (35  = 
?  beats  min;  Table  1)  (26)  and  the  cardiac  output  fell 
:roerfJsively  during  the  occlusions,  reaching  a  maximum 
ierrease  (—27  d:  6  ml/min-kg;  Table  1)  at  27.7  dr  7.8  s. 
The  cardiac  output  was  maintained  in  some  animals  when 
the  elevation  in  heart  rate  offset  the  fall  in  stroke  volume. 
When  the  cardiac  output  was  maintained  by  the  tachycar¬ 
dia,  the  extent  of  the  fall  in  arterial  pressure  was  reduced 
and  the  onset  of  the  change  delayed. 

Left  ventricular  peak  systolic  pressure  decreased  an 
average  of  15  db  3  mmHg.  Tne  maximum  derivatives  of 
.eft  ventricular  pressure  during  systole  (dP  d(’)  and  during 
relaxation  (dP  d i'l  decreased  542  db  103  mmHg/s  and 
523  s  34  mmHg  s,  respectively  (Table  2).  The  peak 
•  iiorier.ing  rate,  as  indicated  by  the  derivative  of  the  left 
entricular  internal  diameter  during  ejection,  (— dD.d(’) 


Occ.  Occ. 

ON  _  -  _  Off 


fio.  3.  An  analog  recording  as  obtained  before  occlusion  (Occ. 
ON;  of  the  left  circumflex  coronary  artery,  during  occlusion  and  im¬ 
mediately  following  the  occlusion  (Occ.  OFF).  The  recordings  from 
the  top  to  bottom  are  aortic  blood  flow  (.\F.\  stroke  volume  fSVP,  left 
ventricular  pressure  (LVP),  ieft  ventricular  transverse  internal  diam¬ 
eter  'LN'lDl.  mean  left  atrial  pressure  (MLAP),  arterial  pressure 
(API,  heart  rate  (HR),  electrocardiogram  (ECGj,  derivative  of  left 
ventricular  pressure  (LV  dP.'d/l,  derivative  of  left  ventricular  internal 
diameter  iLV  dD/d/l.  Time  between  occlusion  on  (Occ.  ON)  and 
occlusion  off  (Occ.  OFF)  is  1  min. 
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fell  from  67  ±14  mm./s  to  49  ±  10  mm/s  while  the  peak 
rate  of  lengthening  (dDr)/df  of  the  diameter  declined  from 
99  ±  18  mm's  to  59  ±  17  mm/s  (Table  2).  The  latencies 
for  alterations  in  the  derivatives  of  pressure  and  diameter 
were  similar  and  occurred  immediately  following  the  in¬ 
crease  in  ESD. 

Figure  4.4  illustrates  aortic  flow,  left  ventricular  internal 
diameter,  and  pressure  as  a  function  of  time  between  the 
R-R  interval  before  and  during  the  peak  response  to  coro¬ 
nary  occlusion.  The  normal  near-linear  relationship  be¬ 
tween  left  ventricular  internal  diameter  and  stroke  volume 
was  maintained  throughout  the  ischemic  period.  The 
reduction  in  volume  ejected  was  the  result  of  an  increase 
in  end-systolic  diameter  since  the  slope  of  the  stroke  volume- 
diameter  relationship  was  not  significantly  altered  (Fig. 
4 B).  Fig.  5  shows  the  average  changes  that  occur  in  stroke 
volume  and  left  ventricular  internal  diameter  during  occlu¬ 
sion.  The  change  in  stroke  volume  was  directly  related  to 
the  reduction  in  stroke  diameter  (EDD-ESD)  during  the 
occlusion  (Fig.  5 B). 

In  Fig.  6,  EDD  and  ESD  are  plotted  as  functions  of 
LYEDP  in  a  single  animal.  When  left  ventricular  end- 
diastolic  pressure  was  increased  by  intravenous  infusion  of 
Tvrodc  solution,  the  increment  in  EDD  exceeded  the  incre¬ 
ment  in  ESD.  On  the  other  hand,  when  the  LVEDP  was 
increased  in  response  to  the  reduction  in  coronary  blood 
flow, , there  was  little  change  in  EDD,  while  ESD  increased 
beyond  that  observed  during  the  intravenous  infusion.  In 
both  of  the  conditions  illustrated  the  heart  rate  response 
was  similar.  Similar  differences  in  the  response  to  incre¬ 
ments  in  LVEDP  resulting  from  intravenous  infusion  and 


f to.  4.  .t.  Digital  computer  printout  of  aortic  flow  (AF),  left 
ventricular  internal  diameter  'LVID>,  and  left  ventricular  pressure 
before  and  during  the  peak  response  to  coronary  occlusion.  B:  Rela¬ 
tionship  of  stroke  volume  (SV;  and  left  ventricular  pressure  to  left 
ventricular  internal  diameter  iLVID).  Each  curve  is  an  average  of 
10  consecutive  beau. 


1  a  a  m 


TIM  lail 

no.  3.  A.-  The  effects  of  coronary  occlusion  on  stroke  volume  (SV) 
and  left  ventricular  internal  diameter  (LVID)  in  7  dogs.  •  »  left 
ventricular  internal  end -diastolic  diameter  (EDD);  c  —  left  ven¬ 
tricular  internal  end-systolic  diameter  (ESD).  B :  Relationship  be¬ 
tween  stroke  volume  and  stroke  diameter  (AD)  during  occlusion. 
AD  =.  EDD  -  ESD. 


ss1 


LVEDP  (mmrtq) 

no.  6.  Comparison  of  changes  in  left  ventricular  internal  diameter 
during  diastole  (EDD)  and  systole  (ESD)  during  elevations  in  filling 
pressure  resulting  from  isotonic  intravenous  infusion  of  TyTode’s  solu¬ 
tion  (INF)  or  due  to  acute  occlusion  of  left  circumflex  coronary 
artery  (COC). 

coronary  occlusion  were  observed  in  three  animals  studied. 
When  coronary  occlusion  was  performed  following  initial 
increases  in  LVEDP  (7.0  mmHg)  and  EDD  (1.1  mm), 
LVEDP  was  significantly  elevated  over  the  control  re¬ 
sponse  (14.0  =  2.2  mmHg),  while  EDD  was  unaltered 
(Table  3).  With  this  exception,  the  ventricular  responses  to 
coronary  occlusion  before  and  after  increases  in  preload 
were  similar.  - 

Figure  7  illustrates  changes  which  occur  in  stroke  volume 
and  mean  left  atrial  pressure  as  a  result  of  coronary  occlu¬ 
sion  at  rest  and  at  the  peak  of  the  intravenous  infusion. 
At  rest,  coronary  occlusion  decreased  the  stroke  volume 
5.4  ml  (17.2  —  1 1.8  ml)  and  increased  the  mean  left  atrial 
pressure  7.0  mmHg.  Acute  volume  loading  during  control 
states  increased  the  stroke  volume  to  a  maximum  value  of 
22.8  ml  with  a  change  of  10  mmHg  in  mean  left  atrial 
pressure.  Subsequent  occlusions  of  the  coronary  artery 
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table  3.  A  [can  changes  to  coronary  occlusion  before  and 
•'iter  preload  in  five  dogs 


I.ct'i  Ventricular:  Left  Ventricular  Internal 
(Pressure  (LVP)  }  Diameter  (LVID) 

Peak  dD/di 

!  End  diastolic,  •  End  diastolic  j 
|  mmHg  mm  I 

End  systolic,  j 
mm 

1  Diastole, 
mm/t 

Control  6.4drl.2t  j  0.5=0  1* 

occlusion  ■  ! 

3. 1±0.7* 

— 34  ±4  f 

Increased  pre-  14.0=2.2t  1  0.2=0. 2 
load  occlu-  |  j 

sion  j  j 

3.3=bO.  8  f 

j 

— 38±7f 

Mean  difference  =  SD  resulting  from  coronary  artery  occlusion 
are  shown  before  (control  occlusion)  and  following  increased  pre¬ 
load  occlusion.  In  the  latter,  the  initial  increment  in  preload 
resulted  in  mean  increases  in  left  ventricular  end-diastolic  pressure 
■7.0  i  1.0  mmHg)  and  end-diastolic  diameter  (1.1  ±  0.3  mm). 
dD/dt,  Maximum  derivative  of  LVID.  *  P  <  0.03,  t  P  <  0.01. 


0  3  10  15  20 


A  MLAP  (mmHg) 

fig.  7.  Relationship  of  stroke  volume  and  mean  left  atrial  pressure 

in  a  single  conscious  animal:  during  coronary  occlusion  (a - id) ; 

durine  infusion  (0-10  mmHg)  (• - •  )  and  during  occlusion  fol¬ 
lowing  infusion  (10-22  mmHg)  (• - •);  and  during  recovery  fol¬ 
lowing  release  of  the  occlusion  -20-7  mmHg)  (O - 0).  At  the  peak 

of  the  stroke  volume  curve  fS  V  ■»  22.3  cc  and  A  MLAP  *»  10  mmHg) 
the  left  circumflex  was  occluded.  The  occlusion  was  released  at  a 
stroke  volume  of  13.8  cc  and  a  A  MLAP  of  22  mmHg.  The  open 

circles  (C - C)  indicate  the  return  of  the  parameters  to  preeocclusion 

values. 

reduced  the  stroke  volume  to  15.7  ml  and  increased  the 
change  in  mean  left  atrial  pressure  to  22  mmHg.  .As  shown 
in  Fig.  7,  release  of  the  occlusion  resulted  in  a  return  of  the 
stroke  v  olume  to  the  original  curve.  Because  of  the  large 
increases  in  mean  left  atrial  pressure,  stroke  volume  output 
curves  were  not  attempted  during  occlusion. 

In  Fig.  3,  AP/AV  is  shown  as  a  function  of  the  mean  left 
ventricular  diastolic  pressure  (P)  during  the  peak  response 
to  coronary  occlusion.  A  significant  linear  relationship  was 
obtained  between  AP/AV  and  mean  left  ventricular  diastolic 
pressure  during  control  states  and  during  coronary  occlu¬ 
sion.  The  slope  of  the  curve  provides  an  index  of  left  ven¬ 
tricular  wall  stiffness,  a.  During  occlusion,  the  slope  a  was 
significantly  elevated  (P  <  0.01),  suggesting  that  the  wall 
stiffness  increased  during  acute  regional  myocardial  ische¬ 
mia.  The  increase  in  wall  stiffness  observed  following  occlu¬ 


?  (mm  Mq ) 

no.  8.  AP/AV  is  plotted  versus  mean  diastolic  pressure  P.  The 
stroke  volume  was  used  as  a  measure  of  AV.  Tne  correlation  coefficient 
for  the  control  data  (•)  is  r  m  0.891,  P  <  0.02.  For  curve  representing 
the  peak  effect  during  coronary  occlusion  (o)  the  correlation  coeffi¬ 
cient  i si  *  0.970,  P  <  0.01.  The  slopes  were  significantly  different 
(P  <  0.01). 

sion  of  the  left  circumflex  coronary  artery  is  also  illustrated 
by  the  alteration  in  the  left  ventricular  diastolic  pressure- 
diameter  curves  shown  in  Fig-  4 B.  During  coronary  occlu¬ 
sion  the  left  ventricular  end-diastolic  diameter  is  not  sig- 
nificandv  increased,  although  the  LVEDP  is  substantially 
elevated.  For  any  given  diastolic  diameter,  the  left  ventricu¬ 
lar  pressure  is  higher  than  that  observed  during  the  control 
state.  This  results  in  an  increase  in  the  slope  of  the  pressure- 
diameter  relationship  during  coronary  artery  occlusion. 
The  slope  of  the  pressure-diameter  curve  increased  from 
2.33  ±  0.41  to  4.58  ±  0.65  mmHg/mm  during  coronary 
artery  occlusion. 

As  stated  above,  these  observed  changes  in  wall  stiffness 
were  accompanied  by  reductions  in  the  inotropic  state  of 
the  heart  as  reflected  by  significant  reductions  in  dP’df 
(max)  and  dD/df  (max).  However,  there  was  a  much 
larger  reduction  in  the  derivative  of  the  left  ventricular 
internal  diameter  during  relaxation  (41  %).  This  reduced 
rate  of  myocardial  muscle  fiber  lengthening,  coupled  with 
an  elevated  left  ventricular  end-diastolic  pressure,  is  con¬ 
sistent  with  the  observed  changes  in  myocardial  wall 
stiffness. 

DISCUSSION 

This  study  provides  the  first  comprehensive  analysis  of 
the  effects  of  regional  myocardial  ischemia  on  che  left 
ventricle  of  conscious  dogs.  The  responses  to  repeated  l -min 
occlusions  of  the  left  circumflex  coronary  artery  were  re¬ 
producible  with  respect  to  time,  to  maximum  change,  and 
to  the  extent  of  the  change.  The  maximal  change  occurred 
at  38  s  after  the  onset  of  the  occlusion,  with  no  later  evi¬ 
dence  of  changes  in  ventricular  function.  The  diameter 
recordings  before,  during,  and  after  occlusion  were  similar 
in  contour. 
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Acute  regional  myocardial  ischemia  resulted  in  a  reduc¬ 
tion  in  the  inotropic  state  of  the  heart  as  assessed  by  the 
observed  decreases  in  dP/d/  (max)  and  dD/d<  (max). 
Both  of  these  variables  have  been  previously  shown  to  be 
sensitis  e  indices  of  the  inotropic  state  (1,  14).  Furthermore, 
it  is  unlikely  that  these  changes  were  significantly  influenced 
by  the  alterations  which  occurred  in  left  ventricular  end- 
diastolic  pressure,  heart  rate,  or  arterial  pressure,  all  of 
which  have  previously  been  shown  to  have  minimal  effects 
on  either  dP,'d/  (max)  or  dD/dt  (max)  (1).  Reductions  in 
dP  dt  (max)  and  dD/df  (max)  most  likely  resulted  from 
the  reduced  contractile  state  of  the  ischemic  portion  of  the 
myocardium.  The  extent  of  shortening  from  any  given 
initial  length  was  also  severely  compromised  during  the 
ischemic  period  and  resulted  in  a  proportional  reduction 
in  the  stroke  volume  (Fig.  5).  Since  the  relationship  between 
diameter  and  stroke  volume  is  unaltered  during  ischemia, 
one  must  assume  the  left  ventricle  is  still  ejecting  blood 
primarily  by  shortening  in  the  transverse  plane  (9).  The 
degree  of  systolic  ballooning  (7,  16,  27,  32,  33)  or  asynchro¬ 
nous  contraction  could  not  be  evaluated  in  the  present 
study.  The  fact  that  the  contour  of  the  diameter  recording 
was  similar  before  and  during  the  occlusion  suggests  that 
the  effects  of  asynchrony  were  small.  Placement  of  the 
transducers  in  normal  tissue  may  have  minimized  the 
effect.  It  also  seems  unlikely  that  systolic  ballooning,  a 
condition  which  disassociates  the  changes  in  stroke  volume 
from5  the  extent  of  shortening,  could  account  for  the  above 
observations.  A  more  likely  explanation  would  be  the  loss 
of  functional  myocardial  tissue.  The  ventricle  is  essentially 
a  series  arrangement  of  myocardial  muscle  fibers,  and  for 
this  reason,  changes  in  the  mechanics  of  the  ischemic  area 
can  affect  the  entire  ventricle  (15,  21).  Therefore,  the 
reduction  in  dP  'dl  (max),  dD/dt  (max),  and  the  extent  of 
shortening  may  be  due  to  a  loss  of  functional  myocardial 
tissue  (hypokinesis)  in  the  ischemic  tissue.  In  isolated  heart 
studies,  similar  reductions  in  the  extent  and  rate  of  short¬ 
ening  and  the  rate  of  tension  developed  have  been  observed 
during  hypoxia  (34,  35). 

It  is  apparent  from  our  results  that  regional  myocardial 
ischemia  alters  the  normal  relationship  between  left  ven¬ 
tricular  filling  pressure  and  the  end-diastolic  diameter. 
During  ischemia,  LVEDP  increased  without  a  correspond¬ 
ing  change  in  EDD.  The  slope  of  the  pressure-diameter 
relationship  was  also  elevated.  Assuming  that  changes  in 
left  ventricular  end-diastolic  diameter  reflect  changes  in 
end-diastolic  volume,  it  appears  likely  that  the  myocardial 
wall  is  less  distensible  in  the  transverse  plane.  The  above 
assumption  is  supported  by  the  following  evidence.  J)  The 
left  ventricle  is  part  of  a  closed  fluid-filled  system  and,  as 
such,  changes  in  diameter  during  systole  and  diastole  most 
likely  represent  the  same  volume.  2)  Mitchell  et  al.  (25) 
have  shown  that  ventricular  volume  changes  during  systole 
and  diastole  are  reflected  by  identical  changes  in  the  cross- 
sectional  area  of  the  left  ventricle.'  3)  In  the  nonbeating 
heart,  we  have  shown  that  left  ventricular  volume  and 
diameter  change  together  while  pressure  and  volume  are 
exponentially  related  (Fig.  1). 

Using  a  more  direct  approach  for  estimating  myocardial 
wail  stiffness,  we  observed  dramatic  changes  in  stiffness 
during  ischemia.  The  index  of  stiffness  during  ischemia  was 
similar  to  that  previously  reported  in  patients  with  coronary 


artery  disease  (9),  but  different  from  that  reported  in 
open-chested  animals- during  acute  infarction  (13).  How¬ 
ever,  it  is  likely  that  in  these  studies  the  initial  state  of  the 
myocardium  was  compromised  by  the  anesthetic  and 
experimental  procedures.  In  our  study  the  increment  in 
stiffness  begins  to  take  place  shortly  after  the  occlusion, 
and  a  stable  maximum  increase  in  myocardial  wall  stiffness 
is  reached  30-60  s  into  the  occlusion.  When  the  occlusion 
is  released,  the  stiffness  begins  to  return  to  its  control  value, 
and  it  is  fully  restored  to  its  control  value  15-30  s  after  the 
release.  The  rapid  increases  and  restorations  of  mvocardial 
stiffness  indicated  that,  at  least  acutely,  these  apparent 
changes  in  myocardial  stiffness  are  related  to  the  direct 
effect  of  ischemia  on  the  myocardium.  Because  of  the 
rapidity  and  reversibility  of  the  changes,  it  is  likely  that 
alterations  are  occurring  in  the  biochemical  mechanism 
responsible  for  relaxation  (22-24). 

Myocardial  ischemia  reduces  the  performance  of  the 
heart,  as  illustrated  by  the  reduction  in  the  stroke  volume 
at  rest  and  at  the  peak  of  the  infusion  response.  Because  the 
extent  of  shortening  from  any  given  initial  muscle  length  is 
severely  compromised,  this  reduction  in  the  Frank-Starling 
reserve  is  obviously  related  in  part  to  the  decline  in  the 
inotropic  state.  Although  not  so  obvious,  increases  in  mvo¬ 
cardial  wall  stiffness  may  also  have  important  functional 
significance,  since  the  Frank-Starling  reserve  of  the  heart 
is  dependent  on  the  pressure-volume  characteristics  as  well 
as  the  ability  of  the  heart  to  develop  force  in  response  to 
distension.  When  the  myocardial  wall  stiffness  is  elevated, 
greater  increments  in  left  ventricular  filling  pressures  are 
required  to  stretch  the  myocardium.  Consequendy,  al¬ 
though  the  myocardium  may  still  be  capable  of  developing 
an  increased  force,  the  stroke  voiume  or  stroke  work  response 
is  less  for  any  given  increase  in  filling  pressure.  Thus, 
increments  in  myocardial  wall  stiffness  mav  cause  misinter¬ 
pretation  of  the  classic  Frank-Starling  function  curve;  but. 
more  importantly  it  limits  the  Frank-Starling  reserve  of 
the  heart,  for  extremely  high  filling  pressure  may  be  re¬ 
quired  to  stretch  the  myocardium. 

Several  investigators  (5,  9)  nave  questioned,  particularly 
in  the  diseased  heart,  the  reliability  of  left  ventricular 
end-diastolic  pressure  as  an  index  of  changes  in  left  ven¬ 
tricular  end-diastolic  size.  Increases  in  left  ventricular 
stiffness  or  a  failing  heart  could  both  result  in  similar 
changes  in  left  ventricular  end-diastolic  pressure.  .As  pointed 
out  by  Diamond  and  Forrester  (9),  a  ventricular  funcuon 
curve  may  not  express  the  difference  between  changes  in 
ventricular  stiffness  and  reduced  inotropic  state.  Thus, 
without  an  index  of  ventricular  end-diastolic  volume,  the 
exact  functional  status  of  the  myocardium  may  be  impos¬ 
sible  to  determine.  In  the  present  study,  failure  to  increase 
the  stroke  volume  during  increments  in  LVEDP  could  be 
interpreted  as  simply  a  reduction  in  ventricular  function; 
however,  the  limitation  of  ventricular  function  may  be  in 
part  due  to  the  apparent  increase  in  stiffness  of  the  left 
ventricle. 

The  authors  express  their  appreciation  to  Miss  Linda  Fox  and  Mr. 
Ben  Wiyetru  for  their  technical  support  on  this  project. 

This  study  was  supported  in  part  by  the  National  Institutes  of 
Health  Grant  2  ROI  HLI24I5-04,  US  Air  Force  Contract  AFOSR- 
71-2074,  and  the  Texas  Heart  .Association  (San  Antonio  Chapter!. 

Received  for  publication  4  January  1974. 


792 


BISHOP,  K.  AS  PAR,  BARNES,  AND  KARDOM 


references 

1.  Barnes,  G.,  V.  S.  Bishop,  L.  D.  Horwitz,  .and  R.  L.  Kaspar. 
The  maximum  derivatives  of  left  ventricular  pressure  and  trans¬ 
verse  internal  diameter  as  indices  of  the  inotropic  state  of  the  left 
ventricle  in  conscious  dogs.  J.  Physiol.,  London.  235;  571-590,  1973. 

2.  Bishop,  V.  S.,  and  L.  D.  Horwitz.  Left  ventricular  transverse 
internal  diameter:  Value  in  studying  left  ventricular  function. 
Am.  Heart  J.  80:  507-514,  1970. 

3.  Bishop,  V.  S.,  ano  L.  D.  Horwitz.  Effects  of  altered  autonomic 
control  on  left  ventricular  function  in  conscious  dogs.  .-On.  J. 
Phyuol.  221 :  1278-1282,  1971. 

4.  Bishop.  V.  S.,  L.  D.  Horwitz,  H.  L.  Stone,  H.  F.  S  tec  all,  ano 
E.  J.  Engelken.  Left  ventricular  internal  diameter  and  cardiac 
function  in  conscious  dogs.  J.  Appl.  Physiol.  27:  619-823,  1969. 

5.  Braunwald,  E..  and  J.  Ross,  Jr.  Ventricular  end-diastoiic  pres¬ 
sure  :  apprisal  of  its  value  in  the  recognition  of  ventricular  failure 
in  man.  Am.  J.  Mtd.  34:  147-150,  1963. 

6.  Carleton,  R.  A.,  .and  J.  G.  Clark.  Measurement  of  left  ventricu¬ 
lar  diameter  in  the  dog  by  cardiac  catheterization.  Circulation  Rts. 
22:  545-558,  1968. 

7.  Case.  R.  B..  E.  Bercluno,  and  S.  J.  Sarnopp.  Ventricular  func¬ 
tion.  11.  Quantitative  relationship  between  coronary  flow  and 
ventricular  function  with  observations  on  unilateral  failure. 
Cirtuiation  Res.  2  :  31 9-325,  1 954. 

8.  Chisicskev,  J.  E.,  M.  Szentivanyi,  R.  Zakheim,  and  A.  C. 
Barger.  Temporary  coronary  occlusion  in  conscious  dogs:  col¬ 
lateral  flow  and  electrocardiogram.  Am.  J.  Physiol.  212:  1025- 
1032.  1967. 

9.  Diamond,  G..  and  J.  S.  Forrester.  Effect  of  coronary  artery  dis¬ 
ease  and  acute  myocardial  infarction  on  left  ventricular  compli¬ 
ance  in  man.  Circulation.  45:  11-19,  1972. 

10.  Diamond.  G..  J.  S.  Forrester,  J.  Hargis,  W.  VV.  Parmley,  R. 
Danzig,  and  H.  J.  C.  Swan.  Diastolic  pressure-volume  relation¬ 
ship  in  the  canine  left  ventricle.  Circulation  Res.  29  :  267-275,  1971. 

1 1 .  Dwyer.  E.  W.  Left  ventricular  pressure-volume  alteration  and 
regional  disorders  of  contractions  during  ischemia  induced  by 
atrial  pacing.  Circulation  42:  llll-l  122.  1970. 

(2.  Enricht,  L.  P.,  H.  Hannah,  and  R.  L.  Reis.  Effects  of  acute 
regional  myocardial  ischemia  on  left  ventricular  function  in  dogs. 
Circulation  Rrs.  26:  307-315.  1970. 

13.  Forrester.  J.  S..  G.  Diamond,  \V.  W.  Parmley,  and  H.  J.  C. 
Swan.  Early  increases  in  left  ventricular  compliance  after  myo¬ 
cardial  infarction.  J.  Clin.  Incest.  51 :  598-603,  1972. 

14.  Fvrnival,  C.  M.,  R.  j.  Linden,  and  H.  M.  Snow.  Inotropic 
changes  in  the  left  ventricle:  The  effect  of  changes  in  heart  rate, 
aortic  pressure  and  end-diastolic  pressure.  J ■  Physiol.,  London. 
21 1  :  359-337,  1970. 

15.  Herman,  M.  V.,  and  R.  Gorlin.  Implications  of  left  ventricular 
asynerzy.  .-Jin.  J.  Cardiol.  23:  538-547,  1969. 

16.  Hooo,  \V.  B.,  Jr.,  V.  H.  Covelli,  W.  H.  Abelmann,  and  J.  C. 
Norman.  Persistance  of  contractile  behavior  in  acutely  ischemic 
myocardium.  Caraiocascuiar  Res.  3:  249-260,  I '.'89. 

17.  Hood,  W.  B.,  Jr.,  J.  Joison,  R.  Komar,  I.  Katayama,  R.  S. 
Neiman.  and  J.  C.  Norman.  Experimental  myocardial  infarction. 
I.  Production  of  left  ventricular  failure  by  gradual  coronary  occlu¬ 
sion  in  intact  conscious  dogs.  Cardiotascular  Res.  4:  73-83,  1970. 


18.  Horwitz,  L.  D.,  and  V.  S.  Bishop.  Left  ventricular  pressure- 
dimension  relationships  in  the  conscious  dog.  Cardiocaiculor  Res. 
6:163-171,1972. 

19.  Horwitz,  L.  D'.,  and  V,  S.  Bishop.  The  effect  of  acute  volume 
loading  on  heart  rate  in  the  conscious  dog.  Circulation  Res.  30: 
316-321,  1972. 

20.  HoRwtTZ,  L.  D.,  V.  S.  Bishop,  H.  L.  Stone,  and  H.  F.  Stecall- 
Continuous  measurement  of  internal  left  ventricular  diameter. 
J.  Appl.  Physiol.  24  :  738-740,  1968. 

21.  J6hannsson,  M.,  and  E.  Nilsson.  A  note  on  the  influence  of 
asynchronous  activation  of  mvocardial  contraction.  Acta  Physiol. 
Stand.  83:  242-248,  1972. 

22.  Katz,  A.  M.,  and  D.  I.Rxfke.  Quantitative  aspects  of  dog  cardiac 
microsomal  calcium  binding  and  calcium  uptake.  Circulation  Res. 

•21:153-162,1967. 

23.  Katz,  A.  M.,  D.  I.  Repxe,  and  B.  R.  Cohen.  Control  of  the 
activity  of  highly  purified  cardiac  actomvosin  by  Ca:*(  Na*.  and 
K*.  Circulation  Res.  19:  1062-1070,  1966.' 

24.  Lee,  K.  S.,  H.  Ladinsky,  and  J.  H.  Stuckey.  Decreased  C-v* 
uptake  by  sarcoplasmic  reticulum  after  coronary  artery  occlusion 
for  60  to  90  minutes.  Circulation  Res.  2 1 :  439-444,  1967. 

23.  Mitchell,  J.  H.,  K.  Wildenthal,  and  C.  B.  Mullins.  Geo¬ 
metrical  studies  of  the  left  ventricle  utilizing  biplane  cinefluorog- 
raphy.  Federation  Proc.  28:  1334—1343,  1969. 

26.  Peterson,  D.  F.,  R.  L.  Kaspar,  and  V  S.  Bishop.  Reflex  tachv- 
cardia  due  to  temporary  coronary  occlusion  in  the  conscious  dog. 
Circulation  Rts.  32:  632-659,  1973. 

27.  Prinzmetal,  M.,  L.  L.  Schwartz,  E.  Coroay,  R.  Spritzler, 
H.  C.  Bergman,  and  H.  E.  Krlcer.  Studies  on  the  coronary 
circulation.  VI.  Loss  of  myocardial  contractility  after  coronary 
artery  occlusion.  Ann.  l-.temal  Med.  31 :  429— 449.  1949. 

28.  O’Rourke,  R.  A.,  B.  Pecram,  and  V.  S.  Bishop.  Variable  effect* 
of  angiotensin  infusion  on  left  ventricular  function.  Caraiocasculat 
Res.  6:  240-247,  1972. 

29.  Rv'Kmer.  R.  F.,  and  D.  K.  Crystal.  Changes  in  configuration 
of  the  ventricular  chamber  during  the  cardiac  cycle.  Circulation. 
4:211-218,1931. 

30.  Stegall,  H.  F.,  M.  B.  Kardon,  H.  L.  Stone,  and  V.  S.  Bishop- 
A  portable,  simple  sonomicromeier.  J.  Appl.  Physiol.  23 .  289-293, 
1967. 

31.  Stone,  H.  L.,  V.  S.  Bishop,  and  A.  C.  Guyton.  Cardiac  function 
after  embolization  of  coronaries-  with  microspheres.  Am.  J. 
Physiol.  204  :  16-20,  1963. 

32.  Tatooles,  C.  J.,  and  W.  C.  Randall.  Local  ventricular  bulging 
after  acute  coronary  occlusion.  Am.  J .  Physiol.  201 :  451—456,  1961. 

33.  Tennant,  R..  and  C.  J.  U’iccers.  The  effect  of  coronary  occ:usion 
on  myocardial  contraction.  Am.  J  Physiol.  112:  351-381,  1935. 

34.  Tyberg,  J.  V,  \V.  W.  Parmley.  and  E.  H.  Sonnenblick.  In  citro 
studies  of  mvocardial  asynchrony  and  regional  hypoxia.  Circula¬ 
tion  Ret.  23 :  569-379,  1 969. 

35.  Tyberg,  J.  V.,  L.  A.  Yeatman,  \V.  W.  Parmley,  C.  W.  Crschel1 
and  E.  H.  Sonnenblick.  Effects  of  hypoxia  on  mechanics  of 
cardiac  contraction.  Am.  J.  Physiol.  216:  1780-1738,  1970. 


**-  J 


*  \pr*tttl  J'lM  MIlllM.) 

Mr.  it  r»;^ 


Specificity  of  autonomic  influences  on  cardiac 
responses  during  myocardial  ischemia 


l.  kasi'ak,  <;i:ou(,r.  k.  bak.m.s,  d  t  i< i a >  imvu.k  and  \i.k\o.\  s  kishoi* 

I !>••*(, twit  “J  Pharmacology ,  L  nurmiy  t»j  Ttxu *  / letiilt  Stunt  e  (.tiiiei  at  Sun  .i  j/nm-  ,  .v</j  YVx«j  /MJfff 


l(:>t*!KT  I-.,  (it-OHGk  E  KaRN^S,  1>  l‘KVD  EiTI  WSON 
\\i»  ^  UiMioi*.  A/v« ificitv  ttf  uutuuumH  influent n  ,.n  uinJmc 

♦  -w.  .-iw- . . |  Ap|>i  iMivsiui  ;mM)  un  t‘#» 

■’  )  ’*  ilr  «>i  the  uutormnm  tutvoii*  >\su*m  »n  ihc* 

i  •  •  vi.  •  *  v'spo.«v  10  acute  rn»iou,ii  m>ocar<h.il  ts<  henna 

•  •  »j : m. i«)»i>  tnstn  internet)  lot  iM<\»si»irjmiU  of 

n.  vu..it  .-rcisuir.  internal  dMiiirirr,  and  aortic  flow. 
f  ...  rfi'nr'!  bv  occimhnq  die  Icti  i  ucttmlleK  ( oroi’Hiy 
i*’;\-.'idia  and  rrdticed  i  oitliactility  (bhanqes 
•  •  .mo!  tnvbi'iioiis  writ*  i<iiti|Mi<'d  Midi  tht">e  thinut*  oc- 

i'  til  —  *  i  1 .1  -adiciUTigic  bhxkatte,  jx»idsvmi>aih<lic  Mock- 
•«i  .  u«nt‘iiu*u  >\ mpau.riic  ami  paraw  iti|j<tthei<t  blockade 
v  .  ii-  .u  if*iituv  die  M<  h>i  ardia  and  shi'htlv  reduce**! 

-  *■*  f;.*  dat  chanqes  in  rr^HJiw*  lu  coronary  mein 

•  )<  •..  >  vd'i.unrd  in  animals  tullowuu’  Miryii.il  cardiac 
i  « < :  i«  .  »jir.  lnith.itrd  leduud  tat  hv«  aidia  and  no  filer  is  on 
‘*  t  ..*«  ii».:  n  « s  ;  lie  ui iih  i|>ai  flirt  t  ol  jMi.isvinpadietic  hlotkade 

•i  •  <  v  ien;  uie  inn  ease  m  end  diasiulii  diameter  duum* 

•  :  i‘M.  . v i^ni  niial  pacmg  indicated  dii>  cl»aiu»e  was  due  to 
*..•  •  ;»•!'.  ;i  rt  rjies  (  uuibined  parasyinpatheiie  and  sympa> 

b  it  i  n*  Kad1-  dtd  not  altn  inotropic  ropoiHs  to  coronary  oc- 
»'-r  »n  t\  -Mills  mdicatrf)  dial  motrOpir  support  due  toiham;es  in 
■  vu»  ut  uiKuuimit  neives  is  not  increased  d tinny  acute  oc- 
i  . . .  ilc  Ur!?  cueumtlev  coronary  aner\ 

»' -:;o\  *  r  tr  r»*!lexes,  rontractiliiv,  propranolol,  atropine, 

• ...  ■  t iitufropis. 


i  r*.  :  i.  H.\iFic*A\r:L  of  the  autonomic  nervous  system 

yni  .'iny  inounpic  pc  riornuint  e  of  the  heart  dui  iny  myo- 
•  i  si  iinnta  jn  the  consrious  .miinni  is  unknown, 
us-  !.uyi  -  ‘  flexes  orii'matmq  in  or  near  the  heart  have  been 
.  *  ■  * s * 1 1  ■  *  cl  in  anesthe  tized  animals.  Studies  have  been 
'.*u«  <■  to  determine  the  m\ ok r merit  ol  peripheral 

.<■.  .|.u,<  esscls  (10,  135.  as  well  <is  cli.un'cv  in  cllurmt 
/. i  ui.il  ./ tivny  m  ( artlinr  nervts  ((>,  7.  '!())  due  to  myo- 
i  .n <li.il  i'i  Imiiia.  Ollier  s i ud i rs  have  ilemonstr.iled  (  hanges 
.n  |Ki!|,!i  i.il  mivianee  f'2V),  left  vemrieular  dl’.'cli  (I,  I'J), 
nul  In  . ut  rate  (III)  ilmmu  electrical  viimulation  of  afferent 
Ills  r»  ni  i  .uiJi.ii  syinputhetie  nerves.  Kcccm  findmi'v  have 
.iiiiiIk  .ii.-.I  the  autonomic  nerves  in  regulation  of  heart 
i  . m  durum  .irutc  ischemia  in  conscious  dof?s  (23). 

In  ■  (iiim  ions  chut',  arute  myorardi.il  ischemia  results  in 
au  iinmerli.ite  duuinutioit  in  left  venlrirul.n  funrlion 
<  1 1  llu  i  ofAjiiM'  is  characterized  by  jmrmi’ssive  decreases 
m  st i < /hi-  volume,  extent  and  rate  of  myocardial  fiber 
.hoi  tcnine,  and  max  dl’/df.  increases  occur  in  the  left 
'  'inrwui.it  endaiiastolir  pressure  and  heart  rate.  A  new 


stable  level  i.l  ventricular  lunetion.  as  assessed  bv  the  al»ove 
variables,  is  reai  licit  in  30  s  alter  the  unset  uf  the  iici  lusinn 
The  |iuseiil  study  was  <lrsit>nisl  to  detiTimne  whether  o: 
not  |>ieviousiv  ie(X»rled  n  Ilex  i  hjiit;es  in  the  autonomie 
item  1  actiMts  to  the  lu-.ut  during  r mon.irv  orrhision  in 
.mestheltzed  animals  Hi,  7,  2U)  micli t  be  intluennng  the 
cfi.mge  in  c.irdi.tr  {iciltinii.iiicc  in  i  onsrious  animal.  O). 
One-minute  oei  lusion.  ol  the  lelt  eirt  timflex  coronal  v 
.inert  wen-  |»'t limned  under  lonlrol  loiulidons.  dtitinu 
pata.tmp.iilu  tir  him  k.tde  wnh  altopine,  heta-adrcneigti 
block. ule  with  jjiopianolol,  lumhined  ph.ti  mucolueu  al 
blockade  ol  I »oih  divisions  ol  die  autonomic  nervous  sv.tcm, 
duiinu  atrial  paring,  and  uftei  bilateral  cardiac  svntpa- 
thet  toniv. 

ME  I  HODS 
Instruwruliitwn 

Stei  ilc  thoracotomies  .were  performed  under  inethoxv - 
Hut  .me  anesthesia  in  24  adult  monerel  doe'  (13  20  kei 
In  I  j  animals,  two  sonomiriometer  transducers  were  im¬ 
planted  ,u  mss  the  greatest  ti.msverse  diameter  on  die 
endoi  ardial  surface  ol  the  uiteiioi  and  posterior  lei l  ven- 
It tcul.tr  wall  using  tcchniipies  previously  described  (3,  4l 
Throueh  a  slab  wound  m  ar  the  apex,  a  calibrated  Konigs- 
berg  solid-state  pressure  transducer  was  implanted  in  the 
left  ventricle,  in  10  animals,  an  electromagnetic  How  prol>c 
was  placed  around  the  ascending  aorta.  Polvvinvl  cathe¬ 
ters  were  placed  in  the  lelt  atrial  appendage  and  into  the 
rat  olid  artery  and  jugular  vein  through  a  i  erviral  in¬ 
cision  The  left  cucutiiflex  coronary  artery  was  e\|xi>rd  and 
an  occlusive  device  similar  to  that  reported  by  Chimoskev 
el  al  (lJ)  was  plared  around  it  near  its  origin  Careful  dis¬ 
section  minitniz.cd  damage  to  the  artery's  nerve  siipplv  at 
the  tune  of  surgery.  Hovvcvei ,  destruction  of  coronary  nerves 
which  may  result  in  attenuation  of  coronary  reflexes  was 
possible.  Intrarirrumflex  coronary  injections  oi  Yeratrum 
in  animals  which  had  not  been  instrumented  and  in  animals 
instrumented  with  coronary  flow  probes  and  occluders 
demonstrated  a  depressor  resjxinse  in  lioth  groups  Thus, 
viable  reflex  pathways  remain  inlart  m  spite  of  die  risk  of 
nerve  damage  during  surgery.  This  was  confirmed  by 
dim  t  electrical  stimulation  ol  the  ansa  sulxdavia  in  three 
animals  immediately  altei  instrumentation.  To  as.ui e  tin 
diet  livcncss  of  our  oerltiding  device,  in  vivo  transient  <*  - 
tin  sums  were  performed  at  the  time  ol  implant. it  ton  and 
pressure  required  for  ncrhisinii  noted  During  postmortem 
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examination.  the  device  was  again  checked.  In  annuals 
containing  coronary  flowprolxs,  cllicacy  of  the  orclusivc 
procedure  was  verified  since  it  always  eliminated  blood 
flow  in  die  artery  within  two  to  three  second- 

Dunne  the  2-wk  recovery  pcriixl,  the  health  of  the  ani¬ 
mals  was  monitored  hy  heinatixrit  and  Ixxlv  tein|x-rature 
examination*.  All  animals  could  exercise  normally,  anti  no 
e|cet>vcardiographir  abnormalities  were  present. 

Aortic  flow  wax  measured  using  a  Ze|»cda  SW1I  elcc- 
tromngnetie  flowmeter  The  flow  probes  were  calibrated 
in  \  tiro  before  implantation  and  rer becked  after  the  animals 
were  sacrificed.  In  some  rases,  the  in  vivo  calibration  of 
the  aortic  flow  probes  was  cheeked  by  using  dve  dilution 
techniques  and,  in  all  cases,  the  calibrations  agreed  within 
5 '  r.  The  signal  in  late  diastole  was  assumed  to  represent 
zero  aortic  flow  Stroke  volume  was  obtained  by  analog 
integration  of  the  phasic  aortic  flow  signal.  Left  ventricular 
•  rarisversc  internal  diameter  was  obtained  using  a  snno- 
mirrometrr  which  measures  the  mean  transit  time  for 
5-ml  !z  ultrasound  between  the  two  piezoelectric  crystals 
at  a  sampling  rate  of  5,00(1  times,  s.  Since  the  vcloeuv  of 
sound  in  blood  is  known,  transit  time  was  convertible  to 
distance.  The  sensitivity  of  the  solid-state  pressure  trans¬ 
ducer  is  stable  in  vitro  and  in  vivo  (10)  Significant  zero 
drift  during  implantation  does  occur  from  day  to  day; 
therefore,  an  indr|>endent  zero  reference  was  needed  to 
set  the  pressure  at  the  beginning  of  each  experiment 
Catheters  inserted  into  the  left  vcmrirle  under  local  anes¬ 
thesia  have,  on  occasion,  been  used  for  a  reference  and  to 
confirm  the  in  vivo  calibrations.  The  catheter  which  meas- 
iii-r a  irft  ventricular  end-tli.istolic  pressure  was  always 
vviihiii  I  inm  Hg  of  i he  mean  left  atrial  pressure  during 
control  conditions  (4,  16).  We  have  routinely  used  the  left 
atrial  pressure  during  control  conditions  as  a  reference  for 
the  end  diastolir  pressure  of  the  solid  state  pressure  trans¬ 
ducer  This  method  may  allcrl  the  alisolute  levels  of  left 
vi-nti irnlar  pressure  by  as  mu<  h  as  I  muillg  but  relative 
values  during  the  experiment  are  correct  (H). 

I.el'i  iti  i.i  1  and  .nteiial  pressure  were  measured  tluoiigli 
Siaiham  strain  gauges  (1*231  >b)  zeroed  to  the  midline  of 
die  sternum.  Elrrirnenrdiogrnm*  were  obtained  Irons 
subcutaneous  needle  electrodes  placed  along  the  sternum. 
All  signals  were  msrnlx  d  on  tv  pc  R  Heckman  oscillographic 
recorder.  The  first  derivative  of  the  diameter  and  pressure 
were  iccoidcd  conliniiotisly  at  rest  and  during  the  oeclu- 
-iim  of  the  eircumllt-x  coronary  artery.  Differentials  were 
obtained  using  a  M)I0A  operational  amplifier  (Analogue. 
Devices).  The  differentiator  was  calibrated  using  a  tri¬ 
angular  wave  generator.  The  phase  shift  was  90°  and  the 
amplitude  was  linear  lx-twccn  0  5  ami  100  Hz. 

The  Student  /-test  for  paired  observation  was  used  lot 
statistical  analysis. 

I \\/‘rrimrtilril  Intervention ( 

(.initial.  Resting  measurements  were  obtained  while  the 
animal  was  lying  quietly  on  its  right  side,  unsedated  and 
unrestrained.  The  left  circumflex  coronary  artery  was  oc¬ 
cluded  for  I  min,  then  released,  following  release  of  the 
ueelusions,  all  parameters  were  allowed  to  return  to  the  pre- 
oreliisive  level  lu-fore  additional  occlusions  were  performed. 
This  was  usually  accomplished  within  90-120  s. 


Autimimm  blockade  Atropine  (0.1  mg  kg)  w,i\  used  to 
produce  parasympathetic  blockade  I’ropr.molol  (0  5  to 
10  mg/kg)  was  ustxl  to  produce  In-ta-adrenergtc  bloc  k.idi 
Klli-ctivciiexx  of  the  lx  la-blockade  was  asst-wixl  with  ,i  ImiIio 
ol  isoproterenol  (4  5  xg)  given  prior  to  propranolol  ,nl- 
miiiislration  as  well  as  several  minutes  aftervvaid  0  tlx 
ies|xinse  to  isoproterenol  was  eliminated,  the  Ix-ta-adrem  i  • 
gie  blockade  was  pidged  to  lx* complete;  if  not,  ..n  additional 
0.5  tng/kg  ol  propranolol  was  administered  This  alvvavs 
resulted  in  the  elimination  of  the  response  to  isoproterenol 
Complete  onomie  blockade  was  achieved  bv  combining 
atropine  and  propranolol  in  the  doses  (Icsenlx-d  .drove 
One-minute  occlusions  of  the  left  rireumflex  roioii.uv 
artery  were  rairied  t.ul  on  different  days  m  order  to  ex¬ 
amine  s|x-eifir  ell'er  ts  of  parasympathetir,  beta-adrenergic, 
and  combined  blockade. 

Cardiac  symfiathectamr.  During  the  initial  surgerv ,  a  loop 
of  thread  was  p'-iccd  around  the  left  ansa  sulx-lavi.i  a 
seven  dogs.  Sterile  surgery  was  performed  again  3  w  k  l.m  i 
in  order  to  loop  a  second  thread  around  the  right  ui'.i 
sulxlavi.i  Both  threads  were  exteriorized  at  the  back  "I 
the  neck  so  that  when  pulled,  the  ansa  sulx~lavia  would  In¬ 
cut,  thereby  eliminating  the  sympathetic  innervation  of 
the  heart  (21).  The  nerve  section  was  alvvavs  performed 
under  general  anesthesia  To  eliminate  tin-  |x>ssibiliiv  u( 
partial  cardiac  denervation  resulting  from  the  implant  ttton 
of  the  aortic  flow  prolx-,  all  animals  used  in  this  |xjnion  ol 
the  study  were  not  instrumented  with  flow  prolx-s  on  tin 
ascending  aorta 

Pacing.  To  determine  the  rlfi-et  of  heait  rate  alone,  some 
animals  underwent  right  atrial  paring  via  a  bi)x>lai  ji.ii  mu 
catheter  passed  intravenously  via  the  jugulai  « ■tlhetei  into 
the  right  atrium.  The  paring  rate  during  o<  c  lusion  wa-  i 
toequal  that  achieved  by  lltc  animal  under  parasympathetic 
blockade  with  atropine. 

Critique  of  Method 

/inti iinnntn/wn  The  Irrrpieury  response  of  the  . . 

micrometer  and  li-lt  veulrieular  ptt-'stue  tt ausdu«  ei  bcv< 
been  shown  to  be  adetpiale  (4).  I'he  Iratisvctse  diametc  c  a. 
delected  with  the  sonoinirrometer  has  lx-t-o  shown  to  be  i 
reliable  index  of  changes  in  left  ventric  ulat  volume  muh  i  i 
variety  of  conditions  vvliirh  include  alterations  m  pn- 
load,  aftrrload,  heart  rate,  and  arute  regional  tiivoi  aub.d 
ischemia  (2  .5)  Asynchronous  contrartions  (luting  iselieuna 
have  lx-rn  ir|x)ittxl  by  numerous  investigators  (14,  15,  25, 
211),  suggesting  that  llu-  sonoinirrometer  technique  lor 
relating  diameter  changes  to  volume  changes  might  not 
always  lx-  reliable.  However,  as  in  pievious  studies,  cb.mm  . 
in  transverse  iuletti.il  diameter  were  lineaiiv  related  to 
volume  ejerted  during  t  onirol  states  and  (luring  (lie  piodm 
lion  of  an  ischemic  region  of  the  msoeaidmm  Thus,  even 
though  asynchronous  t  niitr.ictious  niav  ikiiii  (lining 
ischemia,  muscle  shortening  in  the  transverse  plant  must 
remain  tlx-  major  contributor  to  the  volume  rjci  ted  Simil.u 
observations  have  lx-en  noted  in  clinical  studies  (II; 
furthermore,  the  sonoinirrometer  transducers  an  not 
placed  in  eardiar  muscle  wltieh  is  rendered  isrhemie  (lining 
lltc  occlusion.  This  lias  been  confirmed  bv  analysis  ,,i 
Silastic  or  latex  injections  into  the  circumflex  coron.uv 
artery  at  autopsy  as  well  as  electrocardiographic  changes 
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mi;  1  l.\fX-niuru(al  rt-corcU  dcpii  line  (hr  alterations  in  (he 
in  .iMijcniritf  i»|  li  ft  ventricular  <1  *  lamicH  before  and  during  coronary 
•  - 1 i  i  >  im  chiMuii.  -Symbols  are  the  same  as  m  Table  I  except:  MIAI’, 

■  fMMii  iil«  atrial  pressure;  \F,  pulsatile  aortic  llow;  LVP,  left  vrn- 
pressure;  (X),  onset  of  coronary  occlusion. 

,ii  .trine  dog*  and  histological  and  visual  observations  in 
animals  with  a  permanently  occluded  circumflex  coronary 
artery. 

HrsuLrs 

The  changes  in  left  ventricular  function  are  illustrated 
b>  the  changes  in  the  various  individual  parameters  in 
Eig.  I  and  Table  I.  During  control  occlusions,  the  most 
dramatic  change  wax  a  rapid  increase  in  the  end-systolic 
diameter  ( ESI))  (3.3  ±  0.3  mm)  to  a  new  constant  level 
(Tig  I).  Since  the  end-diastolic  diameter  (EDI))  was  only 
slightly  increased  (O.ti  ±  0.2  mm),  the  extent  of  shortening 
(EDI -ESI))  was  significantly  reduced  (—2.4  ±  0.4  mm). 


4U7 

This  reduction  in  extent  of  .shortening  parallels  the  decline 
in  stroke  volume  (Tig.  1,  Table  ) ).  Left  ventricular  end- 
diastolic  pressure  and  heart  rate  were  increased  respec¬ 
tively  (f>.5  ±  0.7  tnmlig  and  33  ±  4  lu-ats/inin)  (Tahit  ! ). 
The  maximum  derivative  of  left  ventricular  pressure 
(hiring  the  preelection  phase  (dP/ilt)  and  the  maximum 
derivative  of  diameter  during  ejection  (dl)'df),  which 
have  ln-en  previously  idcniilied  to  l>e  reliable  indices  of 
the  inotropic  slate  ol  the  heart  (2,  12)  were  significantly 
reduced  (Table  I)  The  changes  noted  alxive  agree  with 
those  previously  reported  (Hiring  acute  ischemia  and  in¬ 
dicate  significant  reductions  in  tne  extent  and  rate  of 
myocardial  fiber  shortening  II,  15). 

When  atropine  was  administered  to  conscious  animals, 
flic  resultant  vagal  blockade  caused  significant  increases 
in  heart  rate  (I  Hi -174  beau' inin).  Stroke  volume  and 
EDD  were  reduced  as  a  result  of  the  tachycardia  while 
ESI)  was  not  significantly  changed  (Table  1).  This  resulted 


tabi.k  I.  Drug  effect!  and  responses  to  coronary  occlusion 


Control 

Atropine 

Heta-Hlodtadi- 

IV  K  DP. 

R 

4.11*0.5 

2. 2  ±0.5** 

5. 2*0.7* 

iniiiHiC 

O  (A) 

t.  .r>±o .  ?*•* 

5.7*1 . (I 

t>.‘J±0.ft 

N 

24 

14 

24 

HR,  bra  is 

R 

lh>±.t 

174*5*** 

105*  1* 

min 

O  (A) 

:l:l±4*** 

7±2ttt 

17*2  m 

N 

24 

It 

24 

Al\  miiiHg 

R 

07*1 

lll±:f 

101  *4 

O  (A) 

-  I0±2*** 

-  It  ±2 

-  10*2 

.V 

17- 

12 

17 

I.VII) 

R 

0*  1  .1 

-2H.6±:t.y** 

10.11*  1  .4** 

O  (A) 

0.H±0.2*** 

2.0±0.4tt 

0.5*0. 2ft 

mm 

N 

la 

t> 

15 

(.VII) 

l< 

22.7*1 .5 

24.5*4.1 

24.0*1  4*** 

KSI>. 

O  (A) 

.t.:i±o  !*•• 

:l.:i±l  .0 

2 .7*0.  It 

mm 

N 

I  a 

ti 

15 

I.VII)  Al>. 

R 

li.'IdtO  j 

5.2*0. G* 

6.2*0. 5* 

nun 

O  (A) 

-2.4±<M**» 

-I  :  ±1.0 

-2. 1*0.3 

N 

1  i 

(i 

15 

Max  dl)  <ti. 

R 

511  -fc  4 

57*10 

4‘J  t4*» 

mm  s 

O  (A) 

-  12*  !••• 

—21*;'. 

-11*1 

N 

la 

i> 

1.5 

Max  dP'df, 

R 

2741*151 

201  >0*172 

2237*215* 

mm!  s 

O  (A) 

—  47t>±t>  I*** 

—  404±HHt 

-  122*  I0H 

N 

Iti 

') 

16 

SV.  ml/ 

R 

24.6*2 .2 

1H.  1  *1 .7*** 

26.1*2  6 

brai 

O  (Ai 

— 11.2*0. 7*** 

-4.6*0  Oftt 

-7. 5*0. 7 

N 

It) 

It 

10 

Symbols : 

K,  resilin'  value i  () 

(A)t  maximum 

chamfr  during 

occlusion ,  N,  number  of  animals;  I.VF.Dt*.  left  ventricular  end 
diastolic  pressure;  I ( K ,  heart  rate;  At*,  arterial  pressure;  I -V II). 
left  ventricular  internal  diameter;  fvl)l),  eiid-diaitolir  diameter, 
1-5  1 )  end-systolic  diameter;  Al),  difference  (RDD-F-SD) ;  max 
■  II)  d /,  maximum  derivative  of  diameter  change  during  systole, 
max  dlVcif,  maximum  deriv  ative  of  pressure  at  (he  onset  uf  systole; 
■SV,  stroke  volume.  .Statistical  comparisons  with  control  resting 
values  are  indicated  by  *;  comparisons  with  control  changes  during 
occlusion  f.  •  or  f  /'  <  0.05.  **  or  ft  P  <  0.01 .  ***  or 

ttt  /*  <  0.001. 
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in  .1  reduction  in  the  extent  of  shortening,  although  ill’,  el/ 
and  dD'df  were  relatively  imalleeted.  These  elicits  of 
heart  rate  during  vagal  blockade  have  been  reported  pre¬ 
viously  (3).  Coronary  occlusion  during  vagal  blockade 
resulted  in  considerably  greater  increases  in  EDI)  (2.0  ± 
0  4  mnt)  accompanied  by  significantly  less  fall  in  stroke 
volume  (Table  I),  while  the  heart  rale  response  was  sub¬ 
stantially  less  (7  ±  2  beats 'min)  when  compared  with 
control  responses.  The  responses  of  the  other  variables  were 
similar  to  the  control  response  although  a  small  but  sig¬ 
nificant  inhibition  in  the  fall  in  dP /df  during  occlusion 
was  observed  (Table  1). 

Since  EDI)  was  significantly  increased  due  to  coronary 
occlusion  after  atropine,  the  ellccts  of  atropine-induced 
tachycardia  were  examined.  When  the  animals  were  free 
of  drug  interventions,  heart  rate  was  elevated  by  right 
atrial  pacing  to  levels  similar. to  those  produced  by  atropine. 
Changes  in  EDD  due  to  ocelusion-indueed  ischemia  during 
pacing  were  found  to  be  the  same  as  those  after  atropine 
administration  (Fig.  2). 

The  left  ventricular  response  to  Ix  ta -adrenergic  blockade 
is  characterized  by  increases  in  filling  pressure,  EDD,  and 
ESD.  The  increment  in  ESI)  may  exceed  the  increment  in 
EDD  (3)  In  these  cases,  the  extent  of  shortening  and 
stroke  volume  are  reduced.  Arterial  pressure  is  usually 
unallected  and  heart  rate  may  fall  depending  upon  the 
initial  rate.  Small  reductions  occur  in  Ixith  phases  ofdl’/d f 
and  dD/df. 

After  !>cln-ndrrnergie  blockade,  t  lie  left  ventricular 
response  to  coronary  artery  ••occlusion  was  qualitatively 
similar  to  control.  Resjxtnsrs  included  increases  in  EDI )  and 
ESD  (0.5  ±  0.2  mm  and  2.7  ±03  mm,  respectively), 
while  lh<-  extent  of  shortening  (EDD-ESI))  was  reduced 
(  —  2.1  ±  0.3  mm).  I  .eft  ventric  ular  end  diastolic  pressure 
was  elevated  li.9  ±  OH  inmflg  and  heart  rate  increased 
I  7  ±  2  Ijcats/mm.  The  only  significant  alterations  in  the 
response  to  coronary  ischemia  during  beta-adrenergic 
blockade  were  less  dramatic  changes  in  the  EDD,  KSD, 
and  heart  rate  (Table  I).  The  ellert  on  heart  rate  lias  licen 
previously  re|xirted  (23). 

The  reduction  in  the  change  in  EDI)  and  ESI)  seemed 
most  likely  related  to  the  enlarged  heart  after  beta-adrener¬ 
gic  blockade.  This  was  investigated  by  studying  seven  ani¬ 
mals  which  had  undergone  surgical  cardiac  sympathectomy 
after  intact  occlusion  resjxtnscs  had  been  obtained.  The  only 
significant  change  in  the  resting  values  of  the  parameters 


Mo.  2.  Changrj  in  eml-diastolie  ami  rml-iyjlotic  diameter  during 
coronary  occlusion.  Heart  rate  was  elevated  with  atropine  and  by 
right  atrial  pacing.  (',  resting  control  value,  O,  inaaiinnni  response 
to  occlusion. 


r  A  111. I.  2.  Responses  In  coronary  nf  elusion 
before  and  after  surgical  sympathectomy 


Control 

SufCI,  .,1 
Symiulltr,  tnmy 

I.VEDP.  inml lg 

R 

t.2±l  .  1 

4.1*1  I" 

O  (A) 

l>.l±l  4*** 

a  t. ±2  i 

N 

7 

7 

HR,  heals  min 

R 

<IH±li 

«7±7 

O  (A) 

2fi±  1 1  ••• 

7±llttt 

N 

7 

7 

AP,  mull  lg 

R 

'•7±4 

<11*4 

O  (A) 

-  10*  )*** 

-  lH*4tt 

N 

7 

7 

I.VID  EDD.  mm 

R 

Tt.l±l 

T2.7*  t  7 

O  (A) 

<l.H±'t.2* 

0.4*0  2 

N 

4 

4 

EV1D  ESD,  mm 

R 

27.0*  t.i, 

2l>.2±  t  o 

()  (A) 

2.'>±0  j*** 

2  ll±n  4 

N 

4 

4 

SD  I.VID  D.  mm 

R 

»i  1*2.1 

i>  t*  7  •- 

l)  (A) 

-2  4*1  ,7*** 

-2.4*  t  4 

N 

4 

4 

Max  til),  til,  mm  s 

l< 

77*4  o 

rfi  *  1  7 

O  (At 

-  IO±l  <!••• 

-  10*2  2 

N 

4 

4 

Max  ell’  d/,  mini  lg  s 

K 

«I2!(±  lit.) 

2'i:t*  it-i 

t)  (A) 

-j07±  Ittll*** 

- 

N 

7 

7 

SV,  ml  beat 

R 

21.. 0*  I  .  ( 

'2'i  7*1  i. 

t)  (A) 

-  7  <i±u 

-a  2±i  i 

N  i.  i. 

All  symbols  are  the  same  as  in  Table  I 

measured  after  cardiac  sympathectomy  was  an  inn  ease  m 
left  ventricular  end  diastolic  pressure  even  though  die 
absolute  ehange  was  small.  This  was  also  observed  .diet 
beta-blorkailc.  As  shown  in  fable  2,  the  inotropic  response-, 
to  I -min  occlusion  of  the  left  circumflex  coronary  nrtcrv, 
after  cardiac  sympathectomy,  were  similar  to  those  ob¬ 
served  in  intact  trials.  The  notable  exception  was  tecluciion 
in  heart  rate.  As  previously  ro|x>rtod  (23),  surgical  s\m 
pathectomy  reduced  tachycardia  observed  during  eoron.uv 
occlusion  (Table  2).  In  addition,  a  slightly  greater  signili 
rant  fall  in  arterial  pressure  was  observed  (Table  2).  Tin 
was  probable  related  to  the  dramatic  reduction  in  t.u-hv 
media  in  the  symp.ilhrrtomizrd  animals.  Thus,  the  -,g 
niftcant  c  hange  in  EDD  and  ESD  during  occlusion  . ifi>- 
propranolol  was  due  to  a  secondary  effect  of  the  ding  iu< 
not  to  a  ehange  in  sympathclir  neural  inlluenre  (  1  abl< 

I  and  2). 

-Since  the  basal  melabolie  stale  of  the  heart  mav  lie  , 
tered  by  propranolol  or  rardiar  sympathectomy,  the  genet 
inotropic  responses  to  coronary  inclusion  were  oh-wive 
after  rombined  parasytnpathelie  and  sympathetie  block. u: 
in  four  animals.  Resting  levels  of  dP/df  and  dl)  tlf  him 
lower  than  during  control  as  oliservcrl  after  beta-blot  k.u 
alone.  Average  changes  were:  dl*/d/,  2,730-2,32)1  mini  lg 
dD/df,  all  4.rt  nitu/s.  Apparently,  due  to  the  elcv.in 
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heart  rate  (III  144  IkMtK.  min),  resting  EDI)  was  smaller 
(211.2  2ri.li  mm)  though  END  wa->  mil  (20.3  20.3  mm). 
miiiiI.ii  in  llmt  olwrrvcd  after  atropine  alone  (Table  I) 
Blond  pressure  was  elevated  (!IH-  110  minJIg).  Sinre  hear! 
rate  and  blood  pressure  were  substantially  elevated  by 
combined  autonumir  blockade,  cardiac  work  presumably 
had  been  elevated  aliove  eontrol  levels  as  well.  Coronary 
occlusion  produced  changes  in  til*,  d/  (—332  tmnllg/mm) 
and  dl)/d/  (—13  inm/min)  which  were  similar  to  those 
seen  after  propranolol  alone  (Table  I).  As  in  the  case  of 
propranolol,  the  differences  from  control  were  not  sigmli- 
c.int.  Increases  in  HDD  were  greater  than  control  (+l.f> 
111m)  and  ESI)  changes  were  similar  to  control  (+3  4  nun). 
These  responses  arc  comparable  to  those  observed  after 
atropine  alone. 

DISCUSSION 

The  cardiovascular  changes,  which  have  previously 
been  shown  to  occur  during  I -min  coronary  occlusion  of 
the  left  circumflex  coronary  artery  in  conscious  dogs  and 
which  have  been  confirmed  in  this  study,  include  immediate 
reductions  in  stroke  volume,  extent  anti  rate  of  myocardial 
fiber  shortening,  and  peak  left  ventricular  pressure  and  its 
maximum  derivative  (5).  Arterial  pressure  is  slightly  re¬ 
el  tired  and  tachycardia  develops  in  association  with  the 
elevation  in  mean  left  atrial  pressure  (ft,  23).  The  tachy¬ 
cardia  has  been  shown  to  be  reflex  in  nature  partially  due 
to  receptors  111  or  near  the  heart  with  their  efferent  path- 
wav  carried  primarily  in  the  cardiac  sympathetic  fibers 
arising  from  the  right  stellate  ganglion  (23).  Thus,  changes 
that  occur  in  response  to  acute  m<  oe.11di.il  ischemia  initiate 
heart  rate  changes  via  the  sympathetic  nerves.  However, 
due  to  the  direr a  depressant  effects  ol  acute  ischemia  on  the 
myocardium,  previous  studies  have  110I  attempted  to  in¬ 
vestigate  a  possible  sup|X)rtive  inotropic  role  lor  the  auto¬ 
nomic  nervous  system  which  might  he  important  in  main- 
lenanee  of  cardiac  function.  Numerous  investigations  have 
deserilH’d  change.*  in  cllcrcnl  moral  activity  to  the  heart 
during  coronary  occlusion  in  the  anesthetized  eat  ((»,  7, 
20)  and  small  reflex  inotropic  changes  have  been  observed 
during  strong  electrical  stimulation  of  cardiac  allerent 
nerves  (I,  10).  Those  studies  indicate  the  potential  lot- 
reflexes  arising  from  cardiopulmonary  receptors;  however, 
tliev  rlo  not  indirate  what  physiological  or  pathological 
stimulus,  if  any,  produces  reflex  inotropic  physiological 
1  h.mges. 

In  the  present  study,  the  inotropic  response  to  acute 
mvorardial  ischemia  was  essentially  unaltered  alter  beta- 
adrenergir  receptor  blockade  or  cardiac  sympathectomy. 
The  major  difference  observed  was  a  change  in  the  pre- 
ocrltision  resting  values  resulting  dircrtly  from  propranolol 
injection  but  which  was  not  observed  due  to  nerve  section 
(Tallies  I  and  2).  Since  the  arterial  pressure  declines 
somewhat  during  ischemia,  a  reflex  increase  in  the  cardiac 
sympathetic  activity  would  lie  rx|jcrtcd  (25).  This  has 
I ieen  shown  to  occur  anti  contribute  to  tachycardia  (23). 
If  such  ail  increase  had  a  I  fee  ted  the  inotropic  stale  of  the 
heart,  Ix’ta-adrenergic  blockade  would  have  I  icon  expected 
to  alter  the  normal  response  to  ischemia  by  extending  the 
doercasc  in  dP/d/,  d I )/<!/,  and  the  extent  of  shortening. 
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This  was  not  observed.  Either  propranolol  or  eardi.i' 
sympathectomy  may  depress  the  melalxilie  slate  ol  ihr 
heart.  Yet,  in  these  studies,  1!  seems  iinlikelv  that  the  initial 
basal  state  of  the  heart  w  as  a  farlor  m  the  inotropir  change 
observed  during  coronary  oeelusiou.  Adimnisli  at  ion  "I 
atropine  plus  beta-blockade  elevated  arterial  pressure  ami 
heart  rate  above  eontrol  but  still  did  not  alter  the  response 
to  coronary  occlusion  observed  after  propranolol  alone 
Thus,  the  altered  metabolic  slate  of  the  heart  did  not  ap¬ 
pear  to  mask  a  sympathetic  reflex  neural  influence  vvliuli 
might  stippm  1  the  inotropic  state  ol  the  lirai  t. 

Malli.mi,  xhwartz,  and  Zanclietti  (20)  have  re|jotu<l 
a  eardiar  reflex  which  is  sometimes  associated  with  inhibi¬ 
tion  of  cardiac  sympathetic  efferent  activity.  Although 
not  statistically  significant,  there  was  a  definite  attenuation 
in  the  average  fall  in  dl’/dt  after  beta-bloeknde  in  0111  <  \- 
periiiienLs  (Table  I)  which  was  consistent  in  13  of  lb  dogs 
studied.  I  bis  also  appeared  to  be  true-  in  ilic  lout  dog- 
treated  with  propranolol  and  atropine  as  well  as  lm  1I100 
animals  treated  with  atropine  alone.  On  the  olliet  h.mii, 
after  eardiar  sympathectomy,  there  was  no  change  in  tin- 
dP/d/  response  observed.  Thus,  the  attenuation  in  the  foil 
in  dP /At  appears  to  be  associated  with  drug  cllcets  and  is 
not  related  to  changes  in  sympathetic  cllerrnt  arm  10 

The  major  dilfereoee  observed  between  eontrol  occ  lusion 
and  occlusion  after  parasympathetic  blockade  was  that 
during  oerlusion  with  parasympathetic  blockade,  then 
was  a  muc  h  larger  change  in  the  EDI).  Such  a  large-  change 
in  El)l)  after  atropine,  pacing  or  beta-blockade-  plus  atro¬ 
pine  may  seem  puzzling  but  was  apparently  related  to  tin- 
higher  heart  tales.  A  probable  explanation  is  related  m 
the  resting  length-tension  relationship  of  the  myocardium. 
Sarnolf  and  Milrhcll  f2(i)  have  shown  that,  at  shinier 
muscle  lengths-,  the  inuselc  has  a  low  resting  tension  and  1 
given  amount  of  pressure  will  stretch  it  considerable.  At 
longer  muscle  lengths,  the  musrle  has  a  higher  irsimg 
tension  and  the  same  amount  of  pressure  'tretehes  11  .1 
smaller  amount.  The  increased  heart  rate  following  pai.i- 
sympathetir  blockade  red  need  the  EDI)  and  the  resting 
tension  of  the  myocardium.  During  orrlusioti,  the  increase- 
in  filling  pressure  led  to  a  greater  increase  in  EDI)  ami 
slightly  less  reduction  in  dP,d/.  Identical  responses  to 
ischemia  were  noted  when  heart  rate  was  initially  elevat'd 
by  right  atrial  paring  Thus,  the  increment  in  EDI)  dunng 
acute  myocardial  ischemia  depends  upon  l lie-  resting  tension 
which  in  turn  will  be  modified  by  rhanges  in  the  resting 
heart  rate. 

This  study  confirms  the  finding  that  reflex  tarhvrarih.i 
during  acute  isc  hemia  is  much  reduced  by  cardiac  svm- 
patherlomy  or  beta-.ulrenergir  blockade  (23).  IIowcm  i, 
the  contractile  changes  as  mcasuied  by  dl’/d/  and  dl)  <1/ 
were  not  affected  by  these  neural  interventions.  I  In^ 
suggests  one  of  two  jmssiblc  conclusions,  first,  the  lie, 11; 
may  be  so  depressed,  mechanically,  by  tin:  ischemia  lli.it  n 
is  unable  to  respond  to  the  sympathetic  inotropir  inpni 
with  an  increase  in  our  measured  parameters.  This  rxpi.m,' 
tiem  does  not  np|H-ar  likely  sinc  e  direct  eleelrical  stimol,ili"ii 
of  the-  ansa  subclavia  or  isoproterenol  infusion  during  tnm- 
nary  oeelusiou  in  anesthetized  dogs  c  auses  rapid,  dramain 
increases  in  left  ventricular  dl’/dt  (17;  pc-rsonal  observa¬ 
tion).  Direct  electrical  stimulation  of  the  ansa  subclavia 
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•it  t«i  |ini|)i,m«)l(il  (I  mu;,  kt*)  ;ilx>lisli<<l  llu-  |>i  i-\  imislv 
<Iim  mImiI  i«‘s|M>iisr  (pi  i-.uii.il  iilwi v.ilion)  lu  l.iri.  il  'In- 
lir.ut  li. k I  Ix-cn  iiii-i  haiiK  ;ill\  drprrssi-d  .mil  nni rspuiKiv < 
lu  syinp.illiilM  input,  uni-  wuiild  cxpcrl  ihal  llu-  I. ill  in 
«IP/tU  would  lie  1'ic.itri  iluiint;  occlusions  .iftrr  propranolol 
had  hern  *>i\<*n.  This  was  nnl  ilic  ease  The  second  possi- 
liilily  is  that  the  heart  is  ahle  to  lespond  hul  no  increase  in 
sympathetic  inotropic  suppoit  occurs.  Knch  a  possiliihly 
could  indie. lie  that  under  our  experimental  conditions, 
cither  the  threshold  for  molmpie  champ-  is  hiqhei  than  that 
lor  ehronotiopic  ehanue  or  there  is  separation  01  him  tioiml 
SMiipaihctic  neural  inputs  to  the  heart.  The  latte;  has  hcen 
demonstrated  (12,  23,  21) 

One  is  left  with  the  conclusion  that,  in  this  studs,  there 
was  no  ineasurahle  increase  in  cardiac  syinpatheiic  ino- 
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Reflex  Heart  Rate  Control  Via  Specific  Aortic  Nerve  Afferents 
in  the  Rabbit 

By  Merrill  B.  Kardon,  D.  Fred  Peterson,  and  Vernon  S.  Bishop 

ABSTRACT 

Reflex  bradycardia  was  elicited  in  rabbits  via  repetitive  electrical  stimulation  of  the 
central  end  of  the  sectioned  left  aortic  nerve.  Supramaximal  stimulation  produced  a  16.9 
±  1.3%  (se)  increase  in  the  R-R  interval  when  vagal  and  sympathetic  efferent  pathways 
were  intact.  Reducing  the  stimulation  voltage  allowed  selective  stimulation  of  the 
myelinated  (A)  fibers,  and  polarizing  electrodes  placed  central  to  the  stimulus  site 
permitted  A  fiber  blockade  and  selective  stimulation  of  the  unmyelinated  (C)  fibers. 

When  afferent  A  fibers  were  selectively  stimulated,  64%  of  the  maximum  response  was 
obtained;  selective  C  fiber  activation  elicited  63%  of  the  maximum  observed  response. 

Selective  stimulation  of  A  or  C  fibers  after  either  vagotomy  or  stellectomy  indicated  that  A 
fiber  afferents  elicit  heart  rate  responses  via  both  vagal  and  sympathetic  efferents, 
whereas  C  fiber  afferent  information  is  mediated  predominantly  via  vagal  efferents.  This 
afferent -efferent  specificity  of  the  aortic  baroreceptor  pathways  suggests  baroreceptor 
mechanisms  normally  used  to  modulate  heart  rate.  Small  increments  in  blood  pressure 
would  activate  low-threshold  A  fibers  and  result  in  reciprocal  changes  in  vagal  and 
sympathetic  efferent  activity.  More  substantial  increases  in  blood  pressure  would  activate 
afferent  C  fibers  and  produce  additional  heart  rate  effects  via  vagal  efferents. 


■  The  influence  of  baroreceptors  on  heart  rate  has 
been  shown  to  involve  afferent  myelinated  (1)  and 
unmyelinated  (2)  fibers.  Central  stimulation  of  the 
rabbit  aortic  nerve  causes  a  reduction  in  both  heart 
rate  and  arterial  blood  pressure  (2-4).  The  mech¬ 
anisms  whereby  each  of  the  aortic  nerve  afferent 
fiber  groups  cause  reflex  changes  in  heart  rate  have 
not  been  well  defined.  Recent  data  indicate  that 
unmyelinated  afferent  (C)  fibers,  which  have  been 
shown  to  arise  in  the  wall  of  the  aortic  arch  (5), 
may  carry  a  significant  portion  of  the  overall 
baroreceptor  information  in  the  rabbit  (2)  as  well 
as  in  the  dog  and  the  cat  (6). 

Previous  investigators  have  shown  that  as  arte¬ 
rial  blood  pressure  is  elevated  reflex  peripheral 
vascular  resistance  changes  occur  at  a  lower  pres¬ 
sure  than  do  heart  rate  changes  (7-9).  This  finding 
indicates  the  possibility  that  a  functional  separa¬ 
tion  of  baroreceptor- induced  vagal  and  sympa¬ 
thetic  cardiovascular  influences  may  be  attributa¬ 
ble  to  the  differences  in  their  respective  afferent 
mechanisms.  Although  reflex  heart  rate  effects 
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have  been  shown  to  involve  reciprocal  changes  in 
cardiac  vagal  and  sympathetic  efferent  activity 
(10),  the  specific  afferent  fiber  groups  responsible 
for  these  reciprocal  changes  have  not  been  identi¬ 
fied.  The  present  study  was  designed  to  evaluate 
the  ability  of  the  rabbit’s  myelinated  (A)  and 
unmyelinated  (C)  aortic  nerve  groups  to  vary  heart 
rate  by  way  of  either  vagal  or  sympathetic  efferent 
pathways. 

Methods 

Twenty-three  albino  rabbits.  1.5-2.5  kg.  were  anesthe¬ 
tized  with  sodium  pentobarbital  (30  mg/kg,  iv).  Cathe¬ 
ters  were  placed  in  the  femoral  vein  so  that  anesthetic 
could  be  administered  and  the  thoracic  aorta  arterial 
blood  pressure  could  be  monitored  with  a  Statham 
P23db  transducer.  A  midventral  cervical  incision  was 
made  from  the  point  of  the  sternum  to  the  angle  of  the 
jaw,  and  artificial  respiration  was  begun  using  a  Harvard 
Apparatus  ventilator  (model  665)  at  a  volume  of  30  ml 
and  a  rate  of  100  /min.  The  low-volume,  high-frequency 
air  flow  produced  synchronization  (with  the  respirator) 
of  the  rabbit’s  spontaneous  respiratory  movements;  min¬ 
imum  reflex  changes  in  arterial  blood  pressure  were 
observed.  This  technique  has  been  shown  to  cause  little, 
if  any,  qualitative  change  in  baroreceptor-mediated 
responses  (11)  or  in  blood  gas  levels  (2,  12).  A  pouch  was 
formed  by  suspending  the  free  ends  of  the  incised  skin 
from  a  horizontal  ring  in  place  above  the  incision.  Using 
a  binocular  dissecting  microscope  (Olympus  model  SZ), 
the  left  aortic  nerve  was  dissected  free  in  the  neck  and 
cut  as  close  as  possible  to  the  sternum.  Insofar  as  A  fibers 
respond  at  lower  electrical  thresholds  than  do  C  fibers,  it 
was  possible  to  stimulate  A  fibers  selectively  by  reducing 
the  stimulus  voltage  from  supramaximal  levels  to  sub-C 
fiber  threshold  levels.  The  reverse,  however,  was  not 
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possible.  To  elicit  the  preferential  activation  of  C  fibers, 
the  conduction  of  A  fibers  was  first  blocked  using  a  pair 
of  polarizing  electrodes  (13).  Three  sites  were  isolated 
along  the  length  of  the  left  aortic  nerve.  The  free  central 
end  of  the  cut  nerve  was  placed  on  a  pair  of  platinum- 
irridium  stimulating  electrodes  connected  by  way  of  a 
Grass  SIU5  stimulus  isolation  unit  to  one  channel  of  a 
Grass  model  S-88  stimulator.  At  the  second  more  rostral 
site  midway  along  the  length  of  the  left  aortic  nerve  in 
the  neck,  a  second  pair  of  electrodes  was  positioned. 
These  electrodes  were  covered  with  saline-soaked  cotton 
wicks  and  connected  via  a  second  stimulus  isolation  unit 
to  the  100,000-ohm  d-c  output  of  the  second  channel  of 
the  S-88  stimulator.  As  previously  described,  they  served 
as  A  fiber  blocking  electrodes  (13).  Bipolar  recording 
electrodes  were  placed  at  the  third  most  rostral  site. 
These  electrodes  were  connected  to  a  pair  of  cascaded 
Grass  model  P15  preamplifiers,  and  they  served  to 
monitor  the  evoked  potential.  The  evoked  potential  was 
recorded  on  Polaroid  film  from  the  face  of  a  Tektronix 
D12  storage  oscilloscope.  Bilateral  vagotomies  were  per¬ 
formed  in  the  cervical  region.  Stellectomies  were  per¬ 
formed  bv  removing  a  section  of  the  sympathetic  chain 
between  the  first  and  the  third  thoracic  interspace.  Heart 
interval  was  monitored  by  way  of  needle  electrodes 
placed  along  the  sternum.  These  electrodes  were  con¬ 
nected  to  a  Beckman  type  9857B  cardiotachometer 
coupler.  Both  heart  rate  and  arterial  blood  pressure  were 
recorded  continuously  using  a  Beckman  type  R-M  (411) 
oscillograph. 

On-line  monitoring  of  the  R-R  interval  and  control  of 
the  nerve  stimulus  parameters  were  accomplished  using 
a  DEC  PDP  8/E  digital  computer.  Bursts  of  stimulus 
impulses  were  applied  to  the  left  aortic  nerve  during  each 
R-R  interval  in  fixed  synchrony  with  each  R  wave.  The 
duration  of  each  impulse  was  0.3  msec  as  established  by 
the  stimulator.  The  run  duration  and  the  stimulation 
sequence,  which  consisted  of  impulse  frequency,  impulse 
number,  burst  duration,  and  timing  of  the  stimulus  burst 
within  each  R-R  interval,  were  established  by  the  com¬ 
puter  in  accordance  with  the  experimental  protocol.  The 
computer  stored  each  R-R  interval  in  a  given  run  and 
averaged  it  with  the  equivalent  interval  in  previous  runs 
made  under  identical  stimulus  conditions.  The  sequence 
of  average  R-R  interval  values  for  each  group  of  stimulus- 
response  runs  was  then  printed  out  on  command.  Three 
key  parameters,  latency  to  onset,  latency  to  peak,  and 
the  value  of  the  peak  response  were  printed  out  along 
with  their  respective  standard  deviations.  The  latency  to 
onset  represents  the  number  of  heart  intervals  from  the 
beginning  of  the  stimulus  to  the  end  of  the  interval  which 
first  exceeded  the  control.  The  latency  to  peak  represents 
the  number  of  heart  intervals  from  the  beginning  of  the 
stimulus  to  the  end  of  the  longest  interval  during  the 
response.  Peak  response  represents  the  maximum  per¬ 
cent  change  from  the  control  R-R  interval. 

Comparisons  were  made  between  the  magnitude  of  the 
reflex  bradycardia  elicited  by  either  A  or  C  fiber  stimula¬ 
tion  before  and  after  selective  deefferentation  (vagotomy 
or  stellectomy) .  To  activate  aortic  afferent  A  fibers  alone, 
the  stimulus  intensity  was  adjusted  while  the  evoked 
potential  was  monitored.  When  the  stimulus  voltage  was 
reduced  enough  to  eliminate  activation  of  C  fiber  affer- 
ents,  while  causing  little  or  no  change  in  A  fiber 


activation  (Fig.  1A),  a  stimulus-response  run  was  begun. 
In  a  separate  group  of  rabbits,  the  C  fiber  afferents  were 
activated  to  the  exclusion  of  the  A  fibers  by  using  the 
technique  of  Manfredi  (13).  While  the  left  aortic  nerve 
was  stimulated  at  supramaximal  intensity  (sufficient  to 
activate  all  fibers),  a  small  blocking  current  (5-15  pa) 
was  applied  to  the  nerve  via  the  interposed  blocking 
electrodes.  By  adjusting  the  blocking  current  while  the 
evoked  potential  was  monitored,  it  was  possible  to 
eliminate  A  fiber  conduction  and  leave  C  fiber  conduc¬ 
tion  little  affected  (Fig.  IB).  A  stimulus-response  run 
could  then  be  made  while  only  C  fibers  were  being 


FIGURE  1 

A:  Single  stimulus  compound-evoked  potential  recorded  from 
the  left  aortic  nerve.  Top:  At  a  supramaximal  stimulus  inten¬ 
sity,  A  fibers  ( fast  component  at  left)  and  C  fibers  (slow  wave  at 
center)  are  activated.  Bottom:  At  a  reduced  stimulus  voltage,  C 
fibers  are  no  longer  activated,  but  the  A  wave  is  unchanged. 
Interelectrode  distance  =  30  mm,  sweep  speed  ■  5  msec/cm.  B: 
Overlay  of  three  single  stimulus  compound-evoked  potentials 
which  were  recorded  in  rapid  succession  illustrating  blockage  of 
A  fiber  conduction.  Top:  At  a  supramaximal  stimulus  intensity 
all  fibers  are  activated.  Bottom:  When  the  blocking  current 
(5-15  u a),  is  on.  the  A  wave  is  blocked;  the  C  wave  is  reduced 
slightly.  Interelectrode  distance  -  35  mm,  sweep  speed  =  5 
msec/cm.  The  horizontal  bar  represents  I  cm  of  the  oscilloscope 
sweep  or  5  msec  in  time. 
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stimulated.  Without  left  aortic  nerve  stimulation,  the 
blocking  current  never  elicited  a  persistent  change  in 
either  arterial  blood  pressure  or  heart  rate.  Subsequent 
to  the  control  runs,  selective  deefferentations  were  per¬ 
formed  (bilateral  vagotomy  or  bilateral  stellectomy). 
Repeat  runs  were  carried  out  to  indicate  the  relative 
importance  of  vagal  and  sympathetic  pathways  in  the 
control  of  heart  rate  via  either  myelinated  or  un¬ 
myelinated  aortic  afferents. 

Standard  errors  were  calculated  for  the  onset  and  peak 
latencies  as  well  as  for  the  peak  responses.  The  signifi¬ 
cance  of  the  difference  was  determined  by  the  t-test.  P 
values  <  0.05  were  considered  significant. 

CRITIQUE  OF  METHODS 

The  polarizing  blocking  technique  used  in  this  series  of 
experiments  has  been  shown  to  cause  selective  blockade 
of  myelinated  fiber  conduction  by  producing  a  failure  of 
conduction  between  the  blocking  anode  and  cathode 
(13).  The  A  beta  group  is  most  sensitive  to  the  d-c 
blockade.  However,  at  current  levels  sufficient  to  block 
some  of  the  beta  group,  asynchronous  firing  of  some  less 
sensitive  nerve  fibers  occurs.  This  phenomenon  has  been 
shown  to  result  from  cathodal  excitation.  With  complete 
blockade  of  the  beta  fibers  (and  subsequent  blockade  of 
the  delta  group  as  well),  the  asynchronous  firing  no 
longer  is  seen  at  the  recording  site  due  to  conduction 
failure  at  the  anode.  The  conduction  of  unmyelinated  C 
fibers  is  only  slightly  affected  by  this  level  of  current. 

In  the  present  experiments,  the  direct  current  was 
adjusted  to  block  myelinated  fiber  conduction  while 
causing  as  little  asynchronous  firing  as  possible.  How¬ 
ever,  insofar  as  d-c  levels  that  completely  suppressed 
synchronous  firing  also  caused  significant  C  wave  depres¬ 
sion.  the  level  was  adjusted  to  yield  A  wave  blockade 
with  as  little  C  wave  depression  as  possible.  The  amount 
of  asynchronous  firing  passing  the  blocking  anode  was 
judged  to  have  little  qualitative  effect  on  the  observed 


response.  During  the  course  of  the  electrical  nerve  block, 
the  blocking  current  often  fell  somewhat  during  the  first 
15-30  seconds,  no  doubt  as  a  result  of  electrode  polariza¬ 
tion  during  the  blocking  phase.  This  fall  sometimes  led 
to  a  partial  loss  of  block  selectivity.  However,  a  run  was 
not  made  until  the  block  was  reestablished  (by  raising 
the  blocking  current  slightly)  and  its  stability  verified  for 
at  least  30  seconds.  Subsequently,  during  the  blocking 
period,  no  detectable  blocking  current  creep  was  seen  nor 
was  there  a  significant  tendency  for  the  block  to  degrade. 
Selective  nerve  block  was  not  normally  maintained  for 
periods  longer  than  2  minutes.  The  current  level  neces¬ 
sary  to  effect  a  selective  aortic  nerve  block  was  essen¬ 
tially  unchanged  for  all  trials  in  each  rabbit.  Barbitu¬ 
rates  are  well  known  for  their  ability  to  depress  the  vagal 
centers.  However,  in  our  experiments,  the  rabbits  were 
maintained  at  a  light  surgical  anesthetic  level  with  little 
apparent  depression  of  the  vagal  component  as  indicated 
by  the  slope  of  the  heart  rate  response. 

Results 

In  23  rabbits,  repetitive  synchronous  stimulus 
bursts  were  applied  to  the  left  aortic  nerve  at 
frequencies  of  50  and  100  Hz.  In  13  rabbits,  a  total 
of  48  trial  runs  was  made  while  stimulating  at 
supramaximal  intensity  (all  aortic  nerve  fibers 
activated)  (Fig.  2).  The  average  R-R  interval  in¬ 
creased  16.9%  from  the  control  level  of  209  ±  3 
msec.  The  latency  to  onset  and  that  to  peak 
bradycardia  were  4.4  intervals  and  21.0  intervals, 
respectively.  Bilateral  vagotomy  had  no  significant 
effect  on  resting  heart  rate,  as  previously  reported 
(2).  It  did  result  in  a  reduction  of  the  peak  response 
to  11.0%.  The  latency  to  onset  and  the  latency  to 
peak  were  increased  to  8.4  and  32.6  intervals, 
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FIGURE  2 

Influence  of  efferent  neural  pathways  on  the  heart  rate  response  during  supramaximal  aortic  nerve 
stimulation.  Each  pair  of  bars  compares  responses  after  either  vagotomy  or  cardiac  sympathectomy 
to  responses  obtained  immediately  prior  to  nerve  section.  Latency  to  onset  (LTO)  and  latency  to  peak 
(LT°)  are  both  measured  in  R-R  intervals  after  initiation  of  electrical  stimulation.  Peak  response 
(PRi  is  measured  by  the  percent  change  in  the  R-R  interval  when  the  heart  has  slowed  maximally. 
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respectively.  Thus,  vagotomy  reduced  the  peak 
response  by  35%  ( P  <  0.001),  while  the  latencies  to 
onset  and  to  peak  were  significantly  delayed  in 
time.  In  the  remaining  10  rabbits,  33  trial  runs 
produced  an  average  bradycardia  of  14.9%.  The 
onset  and  the  peak  bradycardia  occurred  at  3.8  and 
17.9  intervals,  respectively,  from  the  stimulus  on¬ 
set.  Stellectomy  slightly  decreased  the  resting 
heart  rate  and  reduced  the  reflex  bradycardia  by 
41%  (P  <  0.01).  The  latency  to  onset  was  not 
significantly  affected,  and  the  peak  bradycardia 
occurred  4.5  intervals  sooner  (P  <  0.05).  Thus, 
when  the  entire  aortic  nerve  was  activated,  loss  of 
the  sympathetic  efferent  pathways  reduced  the 
magnitude  of  the  reflex  bradycardia,  and  the 
latency  to  peak  response  but  had  no  effect  on  the 
latency  to  onset.  In  contrast,  loss  of  the  parasympa¬ 
thetic  pathways  extended  both  the  onset  and  the 
peak  latency  while  it,  too,  reduced  the  magnitude 
of  bradycardia. 

The  relative  influence  of  afferent  A  and  C  fiber 
activation  on  heart  rate  response,  when  all  efferent 
pathways  are  intact,  was  studied  in  11  rabbits  (Fig. 
3).  Activation  of  A  fibers  alone  caused  no  signifi¬ 
cant  change  in  the  latency  to  onset.  When  C  fibers 
were  selectively  activated,  the  latency  to  onset  was 
increased  from  a  control  value  of  4.6  intervals  to  6.0 
intervals,  which  was  a  significant  31%  increase  (P 
<  0.01).  The  latency  to  peak  was  greatly  reduced 
when  C  fibers  were  not  activated.  The  reduction 
observed  was  19.7  intervals  to  11.4  intervals  (P  < 
0.01).  When  C  fibers  alone  were  activated,  there 
was  a  reduction  from  control,  19.6  intervals  to 


15.3  intervals,  which  was  not  significant.  The  peak 
response  was  equally  dependent  on  activation  of 
both  A  and  C  fiber  afferents.  The  reduction  in 
peak  response  was  from  19.0%  to  12.2%  (P  <  0.02) 
when  afferent  A  fibers  were  stimulated  alone, 
whereas  stimulation  of  C  fibers  alone  reduced  the 
response  from  13.4%  to  8.0%  (P  <  0.01). 

In  11  rabbits,  a  comparison  was  made  between 
the  reflex  heart  rate  response  to  A  fiber  activation 
before  and  after  either  vagotomy  or  stellectomy 
(Fig.  4).  Selective  A  fiber  stimulation  produced  an 
average  fall  (peak  response)  in  heart  rate  of  10.5%. 
The  latencies  to  onset  and  peak  were  4.1  and  11.0 
intervals,  respectively.  Vagotomy  in  6  of  these 
rabbits  reduced  the  peak  response  by  63%,  and  the 
onset  of  the  response  was  delayed  by  3.0  intervals, 
(P  <  0.05).  In  the  remaining  5  rabbits,  stellectomy 
reduced  the  peak  response  to  5.4%  (P  <  0.01)  (a 
61%  reduction).  The  latencies  to  onset  and  peak 
were  4.8  and  10.2  intervals,  respectively,  but  nei¬ 
ther  of  these  changes  was  statistically  significant. 

In  ten  rabbits,  A  fiber  conduction  was  blocked, 
and  a  total  of  30  trial  runs  was  performed  (Fig.  5). 
In  trials  performed  in  six  of  these  rabbits,  C  fiber 
stimulation  reduced  heart  rate  by  8.5%.  The  laten¬ 
cies  to  onset  and  peak  were  5.8  and  16.5  intervals, 
respectively.  Vagotomy  in  this  group  reduced  the 
peak  response  to  4.9%  and  increased  the  latencies 
to  onset  and  peak  to  8.8  and  22.8  intervals, 
respectively.  Thus,  vagotomy  reduced  the  peak 
response  by  42%  (P  <  0.01).  The  onset  of  the 
response  was  delayed  by  3.0  intervals  (P  <  0.05). 
In  a  total  of  11  trial  runs  performed  in  the  remain- 
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Afferent  aortic  nerve  fiber  influences  on  reflex  bradycardia.  Each  pair  of  bars  compares  either  A  fiber 
or  C  fiber  stimulation  with  supramaximal  stimulation  carried  out  immediately  prior  to  selective  stimu¬ 
lation.  Comparison  of  A  fiber  stimulation  with  control  represents  a  mean  of  31  averaged  trials  in  II 
rabbits.  C  fiber  comparisons  with  control  are  for  30  trials  in  10  rabbits.  Abbreviations  are  the 
same  as  they  are  in  Figure  2. 
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FIGURE  4 

Influence  of  efferent  neural  pathways  on  the  heart  rate  response  during  selective  aortic  A  fiber  stimu¬ 
lation.  Each  pair  of  bars  compares  responses  after  either  uagotomv  or  cardiac  sympathectomy  with 
responses  prior  to  nerve  section.  Definitions  are  the  same  as  the\  are  in  Figure  2. 


ing  four  rabbits,  stellectomy  did  not  cause  a 
significant  change  in  peak  response.  No  significant 
change  was  observed  in  either  latency  to  onset  or 
the  latency  to  peak.  When  aortic  unmyelinated 
fibers  were  activated,  loss  of  parasympathetic  ef¬ 
ferent  pathways  caused  a  reduction  in  peak  effect 
and  a  delay  in  both  onset  and  peak  bradycardia. 
Loss  of  sympathetic  efferents,  however,  had  no 
significant  effect  on  the  peak  response,  indicating 
that  aortic  nerve  unmyelinated  fibers  mediate 
heart  rate  predominantly  via  vagal  efferents. 

Discussion 

This  study  provides  the  first  direct  evidence  that 
aortic  nerve-mediated  reflex  bradycardia  occurs 
in  response  to  activation  of  either  afferent  A  or  C 
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fibers  and  that  its  magnitude  depends  on  the 
number  and  the  type  of  fibers  being  activated. 

The  effect  of  A  and  C  fiber  afferents  as  well  as 
that  of  vagal  and  sympathetic  efferents  on  the  ppak 
response  indicates  that  A  and  C  fiber  afferents  are 
approximately  equipotent  so  long  as  both  efferent 
pathways  are  intact.  Vagal  and  sympathetic  effer¬ 
ent  pathways  are  equally  important  in  eliciting  a 
reflex  bradycardia  when  all  fibers  or  when  only  the 
A  fibers  are  activated.  However,  removal  of  the 
sympathetic  efferents  has  no  effect  on  the  heart 
rate  response  when  only  C  fibers  are  activated. 
Since  the  bradycardia  to  selective  C  fiber  stimula¬ 
tion  is  not  abolished  after  vagal  section,  we  cannot 
unequivocally  disregard  a  sympathetic  efferent 
involvement  in  the  reflex  response.  Possibly,  in  the 
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figure  s 

Influence  of  efferent  neural  pathways  on  the  heart  rate  response  during  selective  aortic  C  fiber  stimu¬ 
lation.  Each  pair  of  bars  compares  responses  after  either  vagotomy  or  stellectomy  with  responses 
prior  to  nerve  section.  Definitions  are  the  same  as  they  are  in  Figure  2. 

Circulation  Research.  Vol.  37.  July  1975 


46 


KARDON.  PETERSON.  BISHOP 


presence  of  intact  vagal  influences,  sympathetic 
influence  is  minimal,  whereas  in  the  absence  of 
vagal  activity  sympathetic  influences  are  substan¬ 
tial  during  selective  aortic  C  fiber  stimulation. 
Similar  responsiveness  has  been  demonstrated  in 
isolated  atria  exposed  to  acetylcholine  and  norepi¬ 
nephrine  (14).  In  any  case,  insofar  as  baroreceptor 
effects  on  heart  rate  are  concerned,  the  cardiac 
sympathetic  influence  appears  to  be  primarily 
dependent  on  changes  in  afferent  A  fiber  activity. 
In  contrast,  vagal  influences  are  modulated  by  both 
afferent  A  and  C  fibers  in  the  aortic  nerve.  These 
results  are  supported  by  similar  findings  during 
carotid  sinus  stimulation  and  neural  physiological 
studies  of  the  vasomotor  areas  of  the  brainstem  ( 15, 
16).  In  the  brainstem  of  the  cat  and  the  rabbit, 
closely  situated  areas  have  been  identified  which 
receive  information  from  either  A  or  C  fibers  (15, 
16).  Furthermore,  Kumada  and  Nakajima  (15) 
have  demonstrated  that  inputs  from  myelinated 
aortic  nerve  afferents  innervate  both  the  vagal  and 
the  sympathetic  sensory  areas  of  the  rabbit  brain¬ 
stem  and  that  unmyelinated  afferents  are  absent 
from  the  sympathetic  sensory  areas. 

Selective  activation  of  either  A  or  C  fiber  affer¬ 
ents  demonstrates  that  the  myelinated  group  is 
responsible  for  the  earliest  onset  of  bradycardia. 
This  finding,  of  course,  is  predictable,  since  myeli¬ 
nated  fibers  can  have  many  times  the  conduction 
velocity  of  unmyelinated  fibers.  Likewise,  selective 
cardiac  efferent  nerve  section  demonstrates  that 
intact  vagi  are  essential  to  elicit  the  earliest  onset 
of  reflex  bradycardia.  Again,  this  finding  is  predict¬ 
able,  since  the  vagus  contains  many  myelinated 
efferent  fibers  (17,  18)  and  the  cardiac  sympathetic 
nerves  contain  few  myelinated  fibers  of  any  type 
(19,  20). 

Our  results  illustrate  the  long  time  constant 
nature  of  the  sympathetic  influence  on  heart  rate. 
The  elimination  of  efferent  cardiac  sympathetic 
nerves  causes  a  reduction  in  the  number  of  inter¬ 
vals  to  peak  effect  with  no  significant  effect  on  the 
latency  to  onset  This  finding  infers  that  rapidly 
conducting  A  fiber  afferents  which  modify  sympa¬ 
thetic  efferent  activity  serve  a  function  which  is  not 
dependent  on  their  high  conduction  velocity.  How¬ 
ever,  rapid  modification  of  heart  rate  is  vagally 
mediated  (10).  This  study  shows  that  myelinated 
aortic  nerve  fibers  influence  the  vagal  control  of 
heart  rate.  Consequently,  the  fastest  potential 
aortic  baroreceptor  influence  on  heart  rate  must 
occur  by  way  of  these  afferent  A  fibers  modulating 
efferent  vagal  activity.  The  efferent  vagal  fiber 
types  which  are  modulated  by  these  aortic  afferents 


are  not  known  at  this  time.  However,  working  in 
the  cat,  Kunze  (17)  has  shown  that  activation  of 
the  arterial  baroreceptors  causes  demonstrable 
changes  in  the  activity  of  vagal  efferents  which 
innervate  the  sinoatrial  node.  These  vagal  efferents 
are  small-diameter  myelinated  fibers. 

An  indication  of  the  order  of  activation  of  the  A 
and  C  fiber  aortic  baroreceptor  pool  may  be  in¬ 
ferred  from  the  known  progression  of  peripheral 
vascular  resistance  and  heart  rate  effects  seen  with 
increasing  arterial  blood  pressure.  Glick  and  Coveil 
(8)  and  Allison  et  al.  (7)  have  shown  that  with 
increasing  arterial  blood  pressure  in  the  dog,  reflex 
reduction  in  peripheral  vascular  resistance  (which 
is  assumed  to  be  largely  under  the  influence  of  the 
sympathetic  nervous  system)  occurs  at  a  lower 
blood  pressure  threshold  than  does  bradycardia. 
This  finding  indicates  that  during  the  course  of  an 
increase  in  arterial  blood  pressure  the  afferents 
which  are  activated  at  lower  pressures  are  those 
which  tend  to  suppress  sympathetic  efferent  activ¬ 
ity  to  the  vasculature.  Angell-James  (21)  has  shown 
that,  when  they  are  activated  physiologically,  aor¬ 
tic  nerve  fibers  fire  at  a  frequency  which  is  largely 
independent  of  the  rate  of  change  of  pressure  in  the 
aortic  arch  so  long  as  the  pressure  is  above  thresh¬ 
old  for  a  given  receptor.  This  finding  suggests  that 
the  relative  importance  of  recruitment  of  addi¬ 
tional  baroreceptor  afferents  as  pressure  increases 
is  greater  than  that  of  increasing  firing  rates  of  in¬ 
dividual  fibers  during  the  systolic  phase.  The 
results  of  Kardon  et  al.  (3)  demonstrate  the  impor¬ 
tance  of  impulse  number  to  aortic  nerve  reflex 
heart  rate  effects.  These  two  studies,  in  combina¬ 
tion  with  the  present  work,  indicate  that  the 
important  features  of  rabbit  baroreceptor  control  of 
heart  rate  are  the  type  and  the  number  of  fibers 
being  activated  over  a  given  time  period  as  well  as 
their  individual  thresholds.  If  aortic  C  fibers  have 
different  pressure  thresholds  than  do  aortic  A 
fibers,  the  reflex  effect  of  C  fiber  recruitment  on 
heart  rate  should  differ  from  the  reflex  effect  of 
recruitment  of  additional  A  fibers,  as  shown  in  this 
study.  Therefore,  increases  in  the  frequency  of 
whole  aortic  nerve  activity  in  response  to  augmen¬ 
tation  of  arterial  blood  pressure  must  occur  largely 
as  a  result  of  successive  recruitment  of  nerve  fibers 
having  higher  pressure  thresholds  rather  than  by 
increases  in  the  firing  rates  of  the  individual  nerve 
fibers  involved.  Finally,  a  previous  study  (2)  has 
shown  a  progressive  increase  in  reflex  effects  with 
increased  recruitment  of  aortic  nerve  afferents: 
blood  pressure  effects  are  seen  at  the  lowest  stimu¬ 
lus  intensities  (rapidly  conducting  A  fiber  activa- 

Circulation  Research,  Vol.  37,  July  1975 


AORTIC  AFFERENT  HEART  RATE  CONTROL 

tion),  but  heart  rate  effects  require  recruitment  of 
more  slowly  conducting  myelinated  fibers.  Thus,  it 
is  inferred  that  the  magnitude  of  the  heart  rate 
response  can  be  augmented  until  all  afferent  C 
fibers  are  activated  as  well. 

In  combination  with  what  has  been  shown  in  the 
present  study  to  be  the  afferent-efferent  specificity 
of  the  aortic  baroreceptor  pathways,  the  order  of 
electrical  activation  of  the  afferent  fibers  from 
myelinated  to  unmyelinated  fibers  may  illustrate 
the  baroreceptor  mechanisms  normally  used  to 
modulate  heart  rate.  If  the  A  fiber  pool  with  its 
combined  vagal-stimulatorv  and  sympathoinhibi- 
tory  effects  is  activated  at  lower  blood  pressure 
thresholds,  the  normal  baroreceptor  control  of 
heart  rate  would  occur  via  their  reciprocal  action 
on  vagal  and  sympathetic  efferents  at  small  incre¬ 
ments  in  arterial  blood  pressure.  More  sustained 
increases  in  blood  pressure  would  activate  vagal 
efferents  in  larger  proportion  via  C  fiber  afferents 
and  would  produce  more  profound  heart  rate  ef¬ 
fects. 

Sympathetic  regulation  of  heart  rate  in  a  pre¬ 
dominantly  high-frequency,  low-threshold  barore¬ 
ceptor  system  suggests  th  these  sympathetic 
efferents  are  modulated  by  subtle  changes  in  arte¬ 
rial  blood  pressure.  The  known  frequency-response 
characteristics  of  the  sympathetic  neuroeffector 
mechanism  no  doubt  cause  this  subtle  reflex 
bradycardia  to  occur  over  a  longer  time  course  than 
does  that  initiated  by  changes  in  vagal  activity. 
Fluctuations  in  blood  pressure  which  alter  sympa¬ 
thetic  influences  via  afferent  A  fibers  would  cer¬ 
tainly  cause  rapid  beat-to-beat  changes  in  heart 
rate  via  vagal  efferents.  When  blood  pressure 
exceeds  this  range,  the  increased  recruitment  of  C 
fiber  afferents  would  cause  the  potential  for  beat- 
to-beat  heart  rate  control  to  be  progressively 
masked.  Under  these  circumstances,  heart  rate 
would  no  doubt  fall  farther  in  response  to  continu¬ 
ous  activation  of  both  A  and  C  fiber  afferents  and 
vary  less  in  response  to  beat-to-beat  blood  pressure 
changes. 
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Magnitude  and  duration  of  cardiovascular  responses  following 
+GZ  forces  of  1-5  G  were  studied  in  chronically  instrumented 
anesthetized  dogs.  During  lower  G  forces  (4-1  to  +3GZ),  re¬ 
sponses  were  variable.  In  most  dogs  during  higher  G  forces 
(4-4  or  4-5  Gz),  aortic  pressure,  cardiac  output,  left  ventricular 
pressure,  and  dp/dt  were  all  dramatically  compromised.  These 
changes  were  observed  whether  the  onset  of  Hie  gravitational 
Inertial  force  was  slow  (0.1  G/s)  or  rapid  (1.0  G/s).  Cardio¬ 
vascular  changes  after  acceleration  were  consistent.  Left  atrial 
pressure  and  arterial  pressure  rose  and  a  transient  rise  in  dp/dt 
was  often  observed.  Cardiac  output  rose  briefly,  then  fell;  hence, 
peripheral  resistance  increased.  Magitnde  and  duration  of  these 
changes  were  directly  related  to  G  forces  during  acceleration. 
Our  results  confirm  that  +GZ  stress  produces  major  cardio¬ 
vascular  changes.  Our  experiments  also  demonstrate  that  re¬ 
sponses  following  +GZ  stress  may  be  dramatic  and  prolonged. 
Increased  peripheral  resistance  elevates  perfusion  pressure  and, 
concurrently,  the  increased  preload  may  cause  acute  cardio¬ 
pulmonary  congestion. 


EARLY  experimental  work  confirmed  that  the  limit¬ 
ing  factor  in  4-Gz  stress  tolerance  was  mainte¬ 
nance  of  perfusion  pressure  to  vital  organs,  i.e.,  the  central 
nervous  system  (11).  Since  that  time,  studies  of  accelera¬ 
tion  in  the  4-G,  position  have  primarily  been  limited 
to  blood  pressure,  heart  rate,  and  electrocardiographic 
changes  during  acceleration  (3,4,5).  In  conscious  man, 
heart  rate  usually  increases,  blood  pressure  falls  and 
then  recovers  toward  control  (13).  ECG  abnormalities 
may  occur  but  do  not  usually  persist  long  after  cessation 
of  acceleration  (13,16,17).  Similar  results  have  been 
observed  in  experimental  animals  (1,2).  Recently,  more 
sophisticated  methods  have  been  used  to  study  cardiac 


The  animals  involved  in  this  study  were  procured,  maintained, 
and  used  in  accordance  with  the  Animal  Welfare  Act  of  1970 
and  the  “Guide  for  Laboratory  Animals”  prepared  by  the  In¬ 
stitute  of  Laboratory  Animal  Resources— National  Research 
Council.  The  research  reported  in  this  paper  was  conducted  by 
personnel  of  The  University  of  Texas  Health  Science  Center 
at  San  Antonio,  and  of  the  Environmental  Sciences  Division, 
USAF  School  of  Aerospace  Medicine. 


performance  during  acceleration  in  anesthetized  experi¬ 
mental  animals  (1,6).  Left  ventricular  pressure  falls 
progressively  further  during  increasing  4-G*  forces 
while  dp/dt  responses  are  variable  (1).  Distribution  of 
flow  is  not  equal  during  acceleration,  since  coronary 
flow  increases  at  low  G  forces  but  decreases  at  higher 
G  forces  (6).  A  redistribution  of  blood  flow  has  also 
been  observed  during  4-G*  (18,19). 

Further  information  regarding  responses  associated 
with  4-G*  forces  is  becoming  increasingly  necessary. 
Aircraft  capable  of  maintaining  high  4-G,  levels  have 
already  been  developed  and  future  aircraft  will  further 
expand  the  potential  G  stress  on  pilots.  Since  the  cardio¬ 
vascular  system  especially  vulnerable  to  gravitational 
changes,  circulatory  responses  to  such  stress  should  be 
carefully  evaluated. 

The  purpose  of  this  study  is  to  examine  in  detail 
cardiovascular  responses  during  and  following  4-G, 
stress  in  dogs.  The  results  reinforce  the  necessity  for 
compensatory  measures  in  order  to  insure  adequate  pilot 
performance  and  safety  in  advanced  aircraft  and  suggest 
that  factors  in  addition  to  blackout  may  be  a  source  of 
risk  to  the  pilot. 

MATERIALS  AND  METHODS 

Fourteen  mongrel  dogs  (10-20  kg)  were  chronically 
instrumented  under  sterile  surgical  conditions  using 
halothane  anesthesia.  A  left  thoracotomy  through  the 
fifth  intercostal  space  exposed  the  heart  and  great  ves¬ 
sels.  The  pericardium  was  opened  and,  through  a  stab 
incision,  a  solid  state  pressure  transducer  (Model  P18, 
Konigsburg  Instruments)  was  placed  on  the  endocardial 
surface  of  the  left  ventricle  for  measurement  of  left 
ventricular  pressure.  An  electromagnetic  flow  probe 
(Zepeda  Instruments)  was  placed  around  the  ascending 
aorta  for  measurement  of  cardiac  output  and  an  18- 
gauge  polyvinyl  catheter  was  placed  in  the  left  atrium 
for  measurement  of  pressure.  In  some  dogs,  ECG  elec¬ 
trodes  were  sutured  inside  the  chest.  Lead  wires  for  the 
implanted  instrumentation  were  exteriorized  at  the  back 
of  the  neck.  Two  weeks  or  longer  were  allowed  for 
recovery.  During  this  time,  the  health  of  each  animal 
was  monitored  daily. 

Prior  to  experimentation,  animals  were  anesthetized 
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with  alphachloralose.  A  precalibrated,  solid-state  pres¬ 
sure  catheter  (No.  5F,  Model  PC-350,  Millar  Instru¬ 
ments)  was  then  passed  retrograde  via  the  femoral 
artery  to  the  left  ventricle  in  order  to  calibrate  the  left 
ventricular  pressure  transducer  already  in  place.  After 
calibration,  the  catheter  was  withdrawn  to  lie  in  the  root 
of  the  aorta.  Each  dog  was  restrained  on  its  back 
(+G«)  in  a  fiberglass  animal  couch  which  was  bolted 
to  the  animal  end  of  the  USAFSAM  centrifuge.  The 
length  of  the  arm  for  animal  experiments  is  4  m.  They 
were  positioned  to  receive  +G,  inertial  forces  as  the 
centrifuge  rotated.  Once  the  animal  was  properly  posi¬ 
tioned,  a  15-30  min  pretest  period  was  allowed  for 
establishment  of  resting  levels  of  recorded  parameters. 

Animals  were  exposed  to  gravitoinertial  forces  of  + 1 
to  +5  Gz  consisting  of  either  rapid  (1.0  G/s)  or  slow 
(0.1  G/s)  onset-to-peak  G.  Peak  G  was  maintained 
for  60  s  followed  by  deceleration  to  control.  Eight  ani¬ 
mals  were  subjected  to  both  slow  and  rapid  onset-to-peak 
G  while  six  of  the  animals  underwent  rapid  onset  only. 
Each  animal  was  initially  subjected  to  +1  or  +2  G, 
stress,  followed  by  stepwise  (1  G)  increases  after  com¬ 
plete  recovery  (5-15  min)  from  each  previous  trial. 

Responses  were  recorded  on  a  Mark  200  Brush  strip 
chart  recorder  and  simultaneously  on  a  Model  4742 
Sangamo  magnetic  tape  recorder  for  later  analysis  on  an 
EAI  680  Analog  computer. 

Total  peripheral  resistance  was  calculated  by  the  com¬ 
puter  as  mean  aortic  root  pressure  (AP)  minus  left 
ventricular  end  diastolic  (LVEDP)  divided  by  mean 
aortic  flow  (AF),  that  is: 

_  AP  (mm  Hg)  -  LVEDP  (mm  Hg) 

AF  (ml/min) 

In  some  cases,  calibration  of  mean  aortic  flow  was 
not  possible  for  technical  reasons;  hence,  our  results  are 
all  expressed  in  percent  changes  in  total  peripheral  re¬ 
sistance.  This  permitted  us  to  include  results  in  which 
mean  flow  values  were  not  expressed  in  absolute  units. 

RESULTS 

Responses  during  acceleration:  Fig.  1  represents  typical 
responses  to  +3  Gi  stress.  It  is  clear  that  during 
acceleration  all  parameters  were  seriously  compromised. 
Venous  return  to  the  heart  fell  immediately,  as  indicated 
by  a  fall  in  left  ventricular  end  diastolic  pressure 
(LVEDP).  Aortic  root  pressure  (AP),  left  ventricular 
pressure  (LVP),  LVP  dp/dt  and  aortic  Dow  (AF) 
fell  simultaneously  and  then  usually  began  to  recover 
toward  control  prior  to  the  end  of  the  acceleration 
period  (Fig.  1).  In  some  animals,  a  period  of  cardiac 
arrest  was  observed.  One  dog  experienced  cardiac  arrest 
for  18  s  at  +4  G«.  The  cardiovascular  system  was 
less  dramatically  affected  at  low  G,  stress  than  at 
higher  levels.  The  magnitude  of  the  change  in  aortic  arch 
blood  pressure  differed  between  animals  but  was  al¬ 
ways  directly  related  to  the  magnitude  of  the  accelera¬ 
tion.  Eleven  of  the  dogs  always  exhibited  a  fall  in  aortic 
pressure,  while  three  demonstrated  consistent  rises  in 
arterial  pressure  at  most  G  forces  tested.  Average  re¬ 
sponse  at  +1  or  +2G.  was  an  initial  fall  in  pressure 
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Fig.  1.  Responses  to  +3  Gz  stress.  The  top  trace  represent  * 
the  acceleration  profile;  HR,  heart  rate;  EDP,  end  distohc 
pressure;  LVP,  left  ventricular  pressure;  AP,  aortic  arch  pres¬ 
sure;  AF,  pulsatile  aortic  flow;  dp/dt,  the  derivative  of  left 
ventricular  pressure;  PR,  peripheral  resistance  measured  as  per¬ 
cent  change  from  control. 


AORTIC  ARCH  PRESSURE  RESPONSE 


Fig.  2.  Composite  aortic  arch  pressure  during  and  after  +  Gz 
stress,  rapid  onset.  Each  trace  represents  averages  for  eight  dogs. 
Curves  were  plotted  from  average  values  selected  every  15  s  and 
at  the  points  of  peak  change.  Time  at  peak  acceleration  equals 
1  min. 


followed  by  a  gradual  recovery  toward  control  (Fig.  2). 
At  +3  G„  the  average  initial  fall  was  greater  and 
recovery  toward  control  less  complete.  At  +4  G„  the 
initial  blood  pressure  fall  was  severe  in  most  dogs,  and 
only  a  slight  tendency  toward  recovery  was  evidenced 
in  a  few  dogs  during  acceleration  (Fig.  2).  Eight  dogs 
were  subjected  to  +5  G,  based  on  their  ability  to 
tolerate  +4  G,  stress.  As  seen  in  Table  I,  three  dogs 
consistently  did  recover  and  overshoot  their  control  aortic 
pressure  level  during  acceleration.  There  was  a  tendency 
for  compensation  during  slow  onset  (0.1  G/s)  to  be 
better  than  during  rapid  onset  (1.0  G/s)  in  preventing 
blood  pressure  fall  (Table  I).  The  difference  was  signi¬ 
ficant  at  +4  G  (p<0.05)  which  suggests  that  reDex 
compensatory  mechanisms  are  more  effective  during  slow 
onset. 
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TABLE  I.  AVERAGE  MAXIMUM  BLOOD  PRESSURE  CHANGE  DURING  ACCELERATION 


A 

B 

1 

C 

All  Animals 

Included 

Animals  Which 
Compensated  Poorly 

Animals  Which 
Compensated  Well 

Fast  Onset 
AP  #  Dogs 

Slow  Onset 
AP  #  Dogs 

Fast  Onset 
AP  #  Dogs 

Slow  Onset 
AP  #  Dogs 

Fast  Onset 
AP  #  Dogs 

Slow  Onset 
AP  #  Dogs 

1  GZ 

-15 

5 

-23  4 

+  15 

1 

2  g2 

-23 

14 

-6 

8 

-36  11 

-20 

6 

+  22 

3 

+  30 

2 

3  Gz 

-42 

14 

-33 

8 

-74  11 

-60 

6 

+  23 

3 

+  35 

2 

-63 

12» 

-38 

8 

-97  9 

-66 

6 

+  23 

3 

+  35 

2 

5  Gz 

-32** 

4 

-85 

6 

-94  2 

-111 

4 

+  28 

2 

-13 

2 

•Two  dogs  were  not  subjected  to  +4  G,  because  of  their  slow  recovery  from  +3  Gs. 

••Thu  value  is  biased  by  the  two  dogs  in  column  C  which  always  compensated  for  + G,  stress. 
Maximum  blood  pressure  changes  in  mm  Hg  during  acceleration.  Average  values  for  all  animals 
are  given  in  group  A.  Average  values  for  animals  which  always  experienced  a  fall  in  aortic  arch 
pressure  are  presented  in  group  B.  Averages  for  those  dogs  which  usually  exhibited  a  rise  in  blood 
pressure  during  acceleration  are  seen  in  group  G  Note  that  in  group  B  progressively  lower  blood 
pressure  is  observed  to  accompany  each  increase  in  acceleration.  On  the  contrary,  with  only 
one  exception,  group  C  dogs  produced  similar  blood  pressure  increases  at  each  acceleration  level. 


Fig.  3.  Heart  rate  changes  to  +GZ  stress,  fast  and  slow  onset. 
Each  trace  represents  averages  for  the  same  eight  dogs. 


TABLE  II.  MAGNITUDE  OF  RESPONSE  AND  TIME  IN 
RECOVERY  PHASE 


Slow 

Onset  N 

MLAP  (4.9  mm  Hg)  MAP  (.24  mm  Hg) 
Time  to 

A  return  A  return 

mm  Hg  (min)  mm  Hg  (min) 

MAP- 

MLAP 

A 

mm  Hg 

2  G  (8) 

7.0 

3.8 

35 

4.3 

28 

3  G  (8) 

9.5 

4.2 

36 

5.3 

26 

4  G  (8) 

12.4 

5.1 

41 

5.6 

29 

5  G  (6) 

14.6 

6.4 

44 

6.3 

29 

Fast 

Onset 

2  G  (8) 

6.0 

2.5 

23 

17 

17 

J  G  (S) 

8.9 

3.6 

34 

4.4 

25 

4  O  (8) 

13.2 

5.1 

43 

5,9 

30 

Magnitude  of  mean  left  atrial  pressure  (MLAP)  and  mean  arterial 
pressure  (MAP)  overshoot  responses  and  time  to  return  to  control 
in  the  postacceleration  period.  Control  pressures  are  in  parentheses. 
Each  value  represents  an  average  of  the  same  eight  animals  except 
3  G  slow  which  included  only  6  of  the  8  dogs. 


Heart  rate  responses  were  variable.  Most  animals  dis¬ 
played  tachycardia  soon  after  the  onset  of  acceleration 
followed  by  bradycardia  when  onset  to  acceleration  was 
rapid  (Fig.  3).  Average  maximum  heart  rate  change  at 
+  3  G  was  8.4  s  after  onset.  Some  animals,  however, 
responded  with  only  one  or  the  other  response.  The 
tendency  toward  bradycardia  was  more  pronounced  at 
higher  G  levels.  Animals  which  maintained  blood  pres¬ 
sure  well  also  tended  to  display  either  sustained  tachy¬ 
cardia  or,  at  least,  a  less  than  average  fall  in  heart  rate 
during  acceleration.  Heart  rate  responses  associated  with 
rapid  onset  of  acceleration  were  much  more  predictable 
than  with  slow  onset.  When  onset  was  slow,  bradycardia 
usually  preceded  the  tachycardia  but,  after  peak  G  was 
attained,  the  pattern  of  heart  rate  changes  was  similar 
whether  onset  was  slow  or  rapid. 

Left  ventricular  pressure  (LVP)  responses  were 
similar  to  arterial  pressure  changes.  LVP  reached  a 
minimum  in  most  trials  shortly  after  onset  of  accelera¬ 
tion  and  either  remained  low  or  slowly  climbed  toward 
control  during  the  remainder  of  acceleration.  Maximum 
depression  of  dp/dt  was  directly  related  to  the  magnitude 
of  acceleration.  Cardiac  output  responded  in  much  the 
same  manner.  The  sudden  fall  in  filling  pressure  was 
undoubtedly  responsible  for  these  early  responses  since 
left  ventricular  ?nd  diastolic  pressure  fell  abruptly  and 
then  recovered  somewhat.  The  fluid-filled  catheter  used 
to  record  left  atrial  pressure  made  accurate  measure¬ 
ment  difficult  during  acceleration  due  to  movement  of 
the  heart  in  relation  to  location  of  the  transducer;  thus, 
left  atrial  pressure  could  not  be  studied  directly  during 
this  period.  However,  in  one  animal  a  Millar  catheter 
was  passed  into  the  right  atrium  in  order  to  estimate 
central  venous  pressure.  In  this  case,  mean  right  atrial 
pressure  was  quantitatively  similar  to  left  ventricular  end 
diastolic  pressure. 

Calculated  pe:  pheral  resistance  began  to  rise  an 
average  of  5.8  s  after  the  onset  of  +G«  stress  and 
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reached  a  maximum  value  at  20.4  s.  Ordinarily  it  re¬ 
mained  high  throughout  the  1  min  of  acceleration  (Fig. 

1) .  Frequently,  either  extremely  low  cardiac  output  or 
long  periods  of  asystole  made  computer  calculation  of 
peripheral  resistance  impossible  during  +3  G,,  +4 
G,  and  +5  G,  (Fig.  1).  Average  maximum  measur¬ 
able  changes  at  each  G*  level  included:  1  G,  40%; 
2  G,  82% ;  3  G,  96% ;  4  G,  92% ;  5  G,  129% . 
Postacceleration  responses :  After  cessation  of  accelera¬ 
tion,  if  aortic  arch  pressure  had  fallen  it  always  returned 
rapidly  toward  control,  continued  to  rise  higher  than 
control,  and  then  slowly  returned  back  to  control  (Fig. 

2) .  This  “overshoot”  was  progressively  greater  at  higher 
G  levels  (Table  II).  After  +  2  G»  (rapid  onset),  the 
average  overshoot  reached  23  mm  Hg  above  control  and 
required  2.7  min  to  return  to  control.  After  +3  G, 
(rapid  onset),  the  average  overshoot  reached  +34  mm 
Hg  above  control  and  required  4.4  min  to  return  to 
control.  Values  for  +4  G,  were:  43  mm  Hg  (over¬ 
shoot)  and  5.9  min  (return  to  control).  Responses  were 
similar  whether  onset  of  acceleration  was  slow  or  fast 
(Table  II),  and  time  to  return  to  control  tended  to  be 
longer  after  slow  onset  though  this  difference  was  not 
statistically  significant. 

Qualitatively,  changes  in  left  atrial  pressure  were 
similar  to  changes  in  aortic  pressure.  Upon  cessation  of 
acceleration,  left  atrial  pressure  immediately  rose  and 
remained  high  for  a  prolonged  period  of  time  (Table  II). 
This  overshoot,  again,  was  greater  after  acceleration  at 
higher  G  forces.  There  were  no  significant  differences 
between  slow  and  fast  onset  trials. 

Cardiac  output,  after  cessation  of  acceleration,  rose 
transiently  and  reached  a  peak  at  approximately  14  s 
after  onset  of  deceleration.  It  then  fell  below  control 
levels  and,  finally,  slowly  returned  to  control.  Peripheral 
resistance  was  calculated  continuously  with  the  analog 
computer  from  tape  recorded  records.  Analog  data  pro¬ 
vided  by  the  computer  are  presented  at  the  bottom  of 
Fig.  1.  Average  peripheral  resistance  was  considerably 
higher  in  the  immediate  postacceleration  period. 

Typically,  calculated  peripheral  resistance  fell  trans¬ 
iently  as  aortic  flow  increased  after  acceleration  ceased. 
When  flow  again  began  to  fall,  resistance  rose.  Average 
maximum  calculated  changes  from  preacceleration  con¬ 
trols  were:  1  G,  17%,  2  G,  19%;  3  G,  39%;  4  G,  58%; 
5  G,  54%.  Return  to  control  was  slow,  and  both  flow 
and  resistance  paralleled  the  return  of  aortic  root  pres¬ 
sure.  The  above  values  do  not  include  data  from  one 
dog  which  was  extremely  atypical.  This  dog  experienced 
no  change  in  postacceleration  peripheral  resistance  at 
+  1  G,  and  +2  G,.  At  +3  G,,  resistance  rose 
233%  and  he  was  not  subjected  to  further  trials. 

In  67%  of  the  animals  studied  at  +3  G„  an  im¬ 
mediate  transient  overshoot  in  dp/dt  max  was  observed 
when  acceleration  ceased.  Average  time  to  highest  dp/dt 
max  at  +3  G.  was  19  s,  usually  followed  by  rapid 
return  toward  control  (Fig.  1).  The  rapid  overshoot  was 
not  observed  in  33%  of  the  animals.  Either  gradual  re¬ 
turn  to  control  or  sustained  overshoot  was  observed. 
Time  to  return  to  control  was  highly  variable  ranging 
from  t). 20-6.50  min. 


DISCUSSION 

This  study  confirms  that,  without  the  availability  of 
either  the  M-l  maneuver  or  a  G  suit,  the  anesthetized 
dog  may  experience  severe  cardiovascular  stress  during 
+G»  (6).  In  addition,  the  unprotected  animal  may 
also  experience  a  potentially  dangerous  period  of  cardio¬ 
pulmonary  congestion  following  +G,  stress.  As  a  re¬ 
sult  of  the  elevated  peripheral  resistance,  which  un¬ 
doubtedly  is  initiated  during  acceleration  by  both  barore- 
flex  and  Cushing  reflex  efforts  to  maintain  central  arterial 
pressure  (9),  two  undesirable  responses  occur  in  the 
postacceleration  period:  a)  the  elimination  of  excess 
gravitational  forces  causes  an  immediate  overshoot  in 
venous  return  to  the  heart  increasing  the  preload  and 
simultaneously,  b)  the  increased  peripheral  resistance 
increases  the  arterial  pressure,  causing  an  elevated  after¬ 
load  at  a  time  when  cardiac  output  is  attempting  to  re¬ 
cover.  The  lengthy  time  required  for  return  to  control 
of  both  left  atrial  and  aortic  pressures  suggests  that 
responses  to  +G*  stress  are  slow  to  recover,  whether 
they  be  due  to  direct  effects  or  are  reflexly  initiated 
responses.  The  fact  that  the  postacceleration  left  atrial 
pressure  rise  was  directly  related  to  the  magnitude  of 
+  G,  stress  indicates  that  peripheral  pooling  was  a 
direct  result  of  the  degree  of  stress  in  spite  of  simul¬ 
taneous  increases  in  peripheral  vasoconstriction.  The 
tendency  for  return  to  control  to  be  slower  after  slow 
onset  trials  seems  likely  related  to  longer  total  duration 
of  acceleration. 

In  the  present  study,  peripheral  resistance  begins  to 
increase  an  average  of  5.8  s  after  the  onset  of  +G*, 
which  is  in  agreement  with  previous  suggestions  con¬ 
cerning  the  role  of  the  baroreceptor  reflex  during  ac¬ 
celeration  stress  (12).  The  accompanying  tachycardia, 
which  had  a  faster  onset  than  the  increase  in  P.R.,  had 
little  or  no  effect  on  maintaining  cardiac  output  since 
flow  was  limited  by  reduction  in  venous  return.  The 
transient  nature  of  the  tachycardia  was  most  likely  re¬ 
lated  to  the  ischemia-produced  bradyarrhythmia  accom¬ 
panying  the  reduced  coronary  perfusion  (10). 

Green  and  Miller  (8)  have  proposed  a  model  to  de¬ 
scribe  the  response  of  the  circulatory  system  to  accelera¬ 
tion  stress.  Though  the  blood  pressure  response  they 
used  was  similar  to  our  observations,  they  did  not  relate 
it  to  changes  in  cardiac  output  and  peripheral  resistance. 
They  concluded  that  during  acceleration  the  decrease  in 
venous  compliance  is  a  major  factor  responsible  for  the 
return  of  arterial  pressure  toward  control.  Experimental 
evidence  for  a  decrease  in  venous  compliance  supports 
their  views  (12,14).  However,  changes  in  venous  com¬ 
pliance  alone  cannot  explain  our  observations  during  the 
immediate  post-G,  recovery  period.  During  this  period, 
arterial  pressure  progressively  increased  yet  cardiac 
output,  though  slightly  altered,  remained  depressed.  Con¬ 
sequently,  peripheral  resistance  rose  steadily  (Fig.  1) 
indicating  arterial  pressure  recovery  was  dependent,  in 
large  measure,  upon  increasing  peripheral  resistance. 
Since  increases  in  arterial  pressure  in  the  ranges  noted 
in  present  experiments  are  known  to  have  significant 
effects  on  stroke  volume  and  MLAP  in  the  normal 
animal  (9),  it  is  likely  during  the  recovery  period, 
when  the  heart  is  depressed,  that  the  cardiac  output  and 
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MLAP  response  are  significantly  influenced  by  the  in¬ 
crease  in  arterial  pressure. 

The  observed  transient  increases  in  aortic  flow  and 
dp/dt  max  within  20  s  post-G,  which  are  usually  ac¬ 
companied  by  a  fall  in  calculated  total  peripheral  re¬ 
sistance,  suggest  a  transient  increase  in  the  capacitance  of 
resistance  vessels  possibly  accompanied  by  increased 
vigor  of  contractility.  A  change  in  arterial  capacitance 
is  likely  to  occur  since  +G,  stress  is  known  to  displace 
visceral  organs  causing  distortion  of  vessels  (18). 

Cineradiographic  studies  have  shown  that  vessels  cen¬ 
tral  to  the  heart  are  elongated  and  reduced  in  diameter 
as  much  as  50%  during  acceleration  (15).  This  stretch 
of  the  carotid  arteries  at  the  onset  of  acceleration  com¬ 
plicates  interpretation  of  heart  rate  responses.  We  pre¬ 
sume  that  this  initial  stretch  would  stimulate  carotid  sinus 
stretch  receptors  and  produce  bradycardia  (7).  Since  a 
transient  initial  bradycardia  is  often  seen,  especially  dur¬ 
ing  slow  onset  (Fig.  3)  and  never  extended  past  the 
time  at  which  peak  acceleration  is  reached,  this  initial 
mechanical  displacement  is  likely  responsible  for  the 
bradycardia  observed.  As  observed  by  others  (13,16), 
during  the  deceleration  period  and  shortly  thereafter, 
arrhythmias  are  common;  neural  reflex  regulation  of 
heart  rate  is  probably  minimal  at  this  time.  The  most 
common  observation  was  a  general  tendency  toward 
return  to  control  rate  with  no  consistent  evidence  of 
baroreceptor  influence.  The  tendency  toward  postac¬ 
celeration  bradycardia  at  high  G  levels  suggests  the  in¬ 
fluence  of  general  cardiac  depression.  Nevertheless,  all 
animals  were  conscious  and  alert  1  d  following  trials 
and  showed  no  signs  of  functional  physiological  ab¬ 
normalities. 

Our  results  have  demonstrated  responses  to  +G* 
stress  without  the  benefit  of  either  the  M-l  manuever 
or  a  G  suit.  Also,  it  is  clear  that  the  arterial  barorecep¬ 
tor  system  contributes  to  the  overall  response,  although 
the  absolute  significance  is  not  clear.  Further  studies 
will  be  necessary  to  define  the  quantitative  effects  of 
the  anti-G  suit  and  role  of  the  baroreceptor  system. 
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Bishop.  Vernon  S..  and  D.  Fred  Peterson.  Pathways 
regulating  cardiovascular  changes  during  volume  loading  in 
awake  dogs.  Am.  J.  Physiol.  231i3>:  854-859.  1976.  —The 

role  played  by  the  cardiac  sympathetic  nerves  and  arterial 
baroreceptors  in  the  cardiovascular  responses  to  acute  volume- 
loading  was  studied  in  conscious  dogs.  In  15  normally  inner¬ 
vated  animals,  mean  arterial  pressure  rose  10  mmHg.  heart 
rale  increased  38  beats,  nnn  and  cardiac  output  1.696  ml/min. 
while  peripheral  resistance  decreased  0.99  PRU.  Neither  bilat¬ 
eral  barureceptor  denervation,  dorsal  root  sections  (Ti-T-.i  or 
surgical  interruption  of  the  left  ansa  subclavia  altered  the 
above  responses  to  acute  volume  loading.  Bilateral  section  of 
the  ansa  subclavia  (total  cardiac  sympathectomy)  signifi¬ 
cantly  reduced  the  heart  rate  response  from  35  -z.  5  to  20  -  5 
beats  min  but  did  not  alter  other  changes.  A  similar  reduction 
in  heart  rate  response  was  observed  following  selective  section 
of  the  right  ansa  subclavia.  Intravenous  infusions  of  epineph¬ 
rine  augmented  the  heart  rate  response  in  both  normally 
innervated  and  cardiac  sympathectomized  dogs.  It  is  sug¬ 
gested  that  although  the  primary  efferent  pathway  for  the 
reflex  traehycardia  is  via  the  vagus,  responses  are  modulated 
by  sympathetic  neural  activity.  Additionally,  the  nervous  sys¬ 
tem  was  not  shown  to  play  a  measureable  role  in  the  observed 
peripheral  resistance  changes. 

vagus:  cardiac  sympathetic  nerves;  peripheral  resistance:  bar¬ 
oreceptors:  heart  rale 


recently,  many  investigations  have  centered  on  the 
role  of  low-pressure  mechanoreceptors  in  or  near  the 
heart,  which  have  been  implicated  in  reflex  regulation 
of  cardiovascular  function.  Both  acute  volume  loading 
(1.  3,  5,  10)  and  localized  distension  of  the  atrial-venous 
junctions  14,  6.  7.  11.  14)  have  served  as  models  for 
studying  these  receptors.  Unfortunately,  results  have 
been  inconsistent  when  comparing  either  models  or  re¬ 
sults  of  experiments  by  different  investigators  using  the 
same  model.  For  example,  the  reflex  pathway  for  the 
tachycardia  produced  by  local  stretch  has  been  reported 
by  some  to  involve  vagal  afferent  and  cardiac  sympa¬ 
thetic  efferent  fibers  (7.  11,  14)  while  other  investigators 
have  reported  that  both  vagal  afferents  and  efferents 
are  involved  (6).  In  the  conscious  dog,  the  tachycardia 
observed  with  volume  loading  is  not  eliminated  by  beta- 
adrenergic  blockade,  thus  implicating  the  vagus  as  a 
contributing  efferent  pathway  (10).  Most  investigators 
indicate  that  the  afferent  pathway  is  in  the  vagus  (6,  11, 
13.  18).  although  a  recent  study  suggests  that  afferents 
in  the  spinal  cord  might  contribute  to  the  response  (8). 


In  conscious  dogs,  volume  loading  increases  cardiac- 
output  more  than  it  increases  arterial  pressure,  thus 
peripheral  resistance  decreases.  Vatner  et  al.  (28)  re¬ 
cently  reported  that  the  baroreflex  control  of  heart  rate, 
as  judged  by  a  pressure  load,  is  attenuated  after  large- 
volume  infusions.  However,  from  that  study  it  was  un¬ 
clear  whether  the  baroreceptors  exerted  any  influence 
on  either  the  heart  rate  or  peripheral  resistance  re¬ 
sponse  to  volume  loading.  After  baroreceptor  denerva¬ 
tion.  the  blood- pressure  change  during  volume  loading 
was  significantly  reduced  by  both  moderate  and  large 
volumes,  whereas  the  heart  rate  response  was  atten¬ 
uated  at  the  larger  volume  loads.  In  contrast,  in  anes¬ 
thetized  dogs,  increases  in  cardiac  output  after  barore¬ 
ceptor  denervation  resulted  in  increased  peripheral  re¬ 
sistance  (17). 

This  study  extends  previously  reported  responses  to 
volume  infusion.  Precise  afferent  and  efferent  pathw  ays 
of  the  reflex  changes  in  heart  rate  associated  with  vol¬ 
ume  infusion  in  the  conscious  dog  have  been  identified 
and  evidence  for  sympathetic-parasympathetic  interac¬ 
tion  presented.  In  addition,  effects  on  peripheral  vascu¬ 
lar  resistance  have  been  investigated.  The  possible  in¬ 
teraction  of  arterial  baroreceptors  on  both  the  heart  rate 
and  peripheral  vascular  changes  have  been  studied  by- 
total  sinoaortic  baroreceptor  denervation. 

METHODS 

Mongrel  dogs  were  chronically  instrumented  under 
sterile  surgical  conditions  using  halothane  gas.  A  left 
thoracotomy  was  performed  through  the  fourth  intercos¬ 
tal  space.  An  18-gauge  polyvinyl  catheter  was  placed  in 
the  left  atrium  through  the  auricular  appendage.  A 
calibrated  electromagnetic  flow  probe  was  affixed 
around  the  ascending  aorta  in  15  animals.  The  calibra¬ 
tion  of  all  flow  probes  were  checked  as  previously  de¬ 
scribed  (1).  A  piece  of  surgical  suture  was  looped  around 
both  left  ansa  subclavia  for  later  cardiac  sympathec¬ 
tomy  (23).  An  18-gauge  poh'vinyl  catheter  was  inserted 
into  either  the  internal  mammary  artery  or  in  the  ca¬ 
rotid  artery  through  a  cervical  incision.  At  the  time  of 
thoracotomy,  or  a  few  days  later,  a  10-gauge  polyvinyl 
catheter  was  inserted  into  the  superior  vena  cava 
through  the  left  jugular  vein.  Approximately  2  wk  were 
allowed  for  recovery,  during  which  time  the  health  of 
the  animal  was* monitored  daily.  At  the  time  when 
experiments  were  performed,  body  temperature  and 
electrocardiogram  (ECG)  were  normal. 
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Experimental  protocol.  ECG,  heart  rate,  systemic 
blood  pressure,  and  left  atrial  pressure  were  recorded  on 
a  Beckman  paper  oscillograph  using  the  required  trans¬ 
ducers.  couplers,  and  amplifiers.  Tyrode's  solution 
-  warmed  to  37.5°C  was  infused  through  the  large  cathe¬ 
ter  in  the  jugular  vein  using  a  Holter  pump  (model 
RE161).  The  rate  of  the  infusion  was  controlled  to  pro¬ 
duce  a  steady  rise  in  left  atrial  pressure.  Infusions  were 
normally  performed  over  a  1-  to  4-min  period  until  the 
heart  rate  had  reached  a  constant  level,  which  was  not 
exceeded  despite  further  rise  in  left  atrial  pressure. 

The  total  volume  of  Tvrode's  solution  required  to 
reach  a  maximum  heart  rate  ranged  between  300  and 
800  ml  (averaged  400  ml)  (1).  The  hemodilution  effect 
ranged  from  -2  to  -59c.  In  previous  studies,  identical 
cardiac  responses  were  observed  with  intravenous  infu¬ 
sions  of  blood  or  Tyrode's  solution  (2).  Infusions  were 
performed  in  all  animals  under  control  conditions.  Addi¬ 
tional  infusions  were  performed  after  each  surgical  de¬ 
nervation  described  below  and  in  some  cases  during  a 
constant  intravenous  infusion  of  epinephrine.  The 
above  parameters  were  continuously  recorded  during 
the  infusions.  All  experiments  were  performed  while 
the  animals  rested  unrestrained  in  a  hammock.  Two 
days  separated  each  infusion. 

Total  peripheral  resistance,  expressed  in  peripheral 
resistance  units  (PRU>,  was  calculated 

mean  arterial  blood  pressure  immHg> 

PRC  =  -  central  venous  pressure  immHg) 

mean  aortic  flow  (mimin' 

x  60  s/m  in 

Values  are  reported  as  means  or  mean  differences  r 
standard  errors  (SE).  Statistical  evaluation  was  made 
by  use  of  tl  e  Student  t  test  for  paired  comparisons  (26). 
P  <  0.05  was  considered  significant. 

Cardiac  sympathectomy.  In  six  dogs  a  sterile  thora¬ 
cotomy  was  performed  a  2nd  time  in  order  to  loop  surgi¬ 
cal  suture  around  the  right  ansa  subclavia  distal  to  the 
right  stellate  ganglion.  After  establishing  the  control 
responses  to  acute  volume  loading  this  suture,  as  well  as 
the  one  previously  placed  around  the  left  ansa  subcla¬ 
via.  was  pulled  to  selectively  cut  the  sympathetic  nerves 
to  the  heart  (20).  The  sympathectomy  was  performed 
when  the  animal  was  anesthetized.  After  recovery  the 
animals  were  reentered  into  the  experimental  protocol. 
In  three  additional  animals  with  only  catheters  im¬ 
planted.  the  right  ansa  subclavia  was  looped  and  the 
response  to  acute  volume  loading  was  observed  before 
and  after  the  removal  of  the  right  ansa  subclavia  while 
sympathetic  innervation  to  the  left  side  remained  in¬ 
tact. 

Baroreccptor  denervation.  After  control  responses 
were  obtained,  five  animals  were  anesthetized  with  so¬ 
dium  pentothal  (30  mg/kg)  and  a  midcervical  incision 
was  made.  The  carotid  sinuses  were  located  and  all  the 
vessels  and  other  tissue  above  the  bifurcation  of  the 
common  carotid  arteries  isolated,  ligated,  and  sectioned 
except  the  external  and  internal  carotid  arteries.  All 
re  maining  excess  tissue  was  stripped  from  the  vessels 
originating  from  the  common  carotid  arteries.  These 


procedures  eliminated  the  reflex  heart  rate  and  blood 
pressure  responses  to  carotid  occlusion  (22.  23).  All 
branches  of  the  vagus  within  2  cm  below  the  superior 
laryngeal  nerves  were  also  sectioned.  Presumably  this 
procedure  denervated  the  aortic  arch  and  combined  with 
carotid  sinus  denervation  resulted  in  an  immediate  rise 
in  blood  pressure.  Heart  rate  responses  to  the  injection 
of  phenylephrine  (10  /eg)  were  abolished  or  drastically 
reduced.  These  animals  were  allowed  several  days  to 
recover  before  reentering  the  experimental  protocol. 

Sympathetic  deafferentation .  In  four  additional  ani¬ 
mals  the  heart  rate  response  to  acute  volume  loading 
was  established.  Subsequently,  these  animals  were 
anesthetized  with  sodium  pentothal  (30  mg/kgi  and  un¬ 
der  sterile  conditions  the  dorsal  roots  T,-T-,  were  sec¬ 
tioned.  The  animals  were  allowed  to  recover  10-14  days 
and  were  reentered  into  the  experimental  protocol. 

Drug  administration.  In  order  to  artificially  simulate 
an  increase  in  sympathetic  background  activity,  epi¬ 
nephrine  was  infused  intravenously  in  four  additional 
animals  instrumented  with  catheters  only.  The  infusion 
rates  were  controlled  so  that  heart  rate  was  only  mini¬ 
mally  increased.  Subsequently,  the  predetermined  level 
of  epinephrine  infusion  was  maintained  during  the  infu¬ 
sion  of  Tyrode's  solution. 

RESULTS 

A  total  of  66  control  volume  infusions  were  performed 
in  22  conscious  dogs.  In  each  animal  the  infusion  rate 
was  controlled  in  order  to  produce  a  continuous  rise  in 
left  atrial  pressure.  Increases  in  cardiac  output  and 
heart  rate  typically  paralleled  the  increase  in  left  atrial 
pressure  during  the  first  1-2  min  of  infusion.  These 
responses  then  plateaued  at  levels  consistent  for  each 
individual  animal  at  which  time  the  infusion  was  termi¬ 
nated.  Mean  cardiac  output  increased  from  an  average 
of  2.554  ±  157  ml/min  to  an  average  maximum  of  4.250 
±  280  ml/min  (n  =  15  dogs).  Average  heart  rate  changes 
were  from  109  ±  4  to  147  ±  6  beats/min.  Although 
cardiac  output  increased  dramatically,  the  change  in 
arterial  pressure  was  not  great  (100  ±  3  to  110  *  3 
mmHg).  Consequently,  the  peripheral  vascular  resist¬ 
ance  was  markedly  reduced  (from  2.42  ±  0.19  to  1.43  ± 
0.15  PRU). 

In  order  to  identify  specific  efferent  pathways  in¬ 
volved  in  the  heart  rate  response,  the  cardiac  sympa¬ 
thetic  nerves  were  selectively  cut.  In  five  dogs,  removal 
of  the  left  ansa  subclavia  nerves  only  was  without  effect 
on  the  heart  rate  response  to  volume  infusion.  However, 
in  three  animals,  section  of  the  right  ansa  subclavia 
alone  reduced  the  AHR  response  to  volume  loading  from 
35  to  17  beats/min.  In  six  animals,  a  total  of  24  infusion 
curves  were  obtained  before  and  after  bilateral  section 
of  the  ansa  subclavia  nerves.  Cutting  both  the  right  and 
left  ansa  subclavia  reduced  the  average  resting  HR  from 
110  t  5  to  85  i  4  beats/min  iP  <  0.05).  Arterial  pres¬ 
sure,  cardiac  output,  and  peripheral  resistance  were  all 
slightly1,  but  not  significantly,  reduced  due  to  nerve 
section  (Table  1).  iTte  peak  change  in  heart  rate  due  to 
infusion  was  also  reduced  from  the  average  control 
change  of  35  ±  5  to  20  ±  5  beats/min  ( P  <  0.05).  These 


I II S  Ifl  ’’ MFP 


856 


V  S  BISHOP  AND  D.  F  PETERSON 


table  1.  Comparison  of  hemodynamic  responses  to  volume  loading 


A  i  n 

*  6- 

B  in 

=  5> 

('  in 

41 

Control 

Total  Cardiac  Sym¬ 
pathectomy 

Control 

Baroreceplor  Dener¬ 
vation 

Control 

Left  Sympathec¬ 
tomy 

Cardiac  output,  ml/min 

Resting 

2.500  ±  229 

2,412  i  197 

2.598  i  169 

2,608  £  201 

2,583  £  230 

2.458  £  318 

Peak 

4.446  ±  309 

3.396  £  254 

4.040  £  490 

3,987  £  367 

4,218  £  691 

3.831  £  711 

d 

1.946  £  207 

983  £  168 

1.442  £  343 

1,377  £  193 

1,635  £  481 

1,370  £  438 

Heart  rate,  beats/min 

Resting 

110  £  5 

85  *  4 

105  £  6 

102  £  3 

112  £  9 

106  £  7 

Peak 

146  -  7 

105  *  6 

142  £  8 

131  £  4 

152  £  15 

146  £  17 

d 

35  £  5 

20-5 

35  £  4 

33  £  6 

39  £  10 

40  £  12 

Mean  arterial  pressure.  mmHg 

Resting 

97  £  6 

88  i  5 

102  £  5 

107  £  5 

103  £  6 

99  £  2 

Peak 

109  £  4 

97  -  5 

112  £  3 

114  £  5 

110  £  7 

111  £  2 

d 

12  t  3 

9  £  4 

10  £  3 

8  £  3 

6  £  6 

11  £  2 

Stroke  volume,  ml/beat 

Resting 

22.8  £  2.1 

28.8  *  3.0 

25  £  1.64 

25.7  £  1.87 

22.5  £  1.5 

22.7  £  3.1 

Peak 

31.1  £  3.8 

32.4  £  2.8 

27.4  £  2.19 

28.3  £  3.8 

26.6  £  1.5 

25.7  £  2.2 

d 

8.8  m  1  6 

3.7  £  1.4 

2.4  £  2.3 

2.6  £  3.1 

4  £  1.45 

2.9  £  1.1 

Peripheral  vascular  resistance. 

mmHg  s  ml  '1 

Resting 

2.38  -  0.28 

2.18  £  0.23 

2.32  £  0.20 

2.41  £  0.25 

2.35  £  0.06 

2.48  £  0.48 

Peak 

1.30  £  0.12 

1.49  £  0.14 

1.48  £  0.20 

1.52  £  0.16 

1.45  £  0.26 

1.67  £  0.38 

-1.08  -  0.17 

-0.69  -  0.16 

-0.84  £  0.08 

-0.89  £  0.12 

-0.90  £  0.22 

-0.81  £  0.15 

d.  mean  difference 


values  were  not  different  from  those  observed  after  right 
cardiac  sympathectomy  only.  In  addition,  as  shown  in 
Fig.  1.  the  slope  of  the  ascending  portion  of  the  heart 
rate  response  curve  was  decreased  following  total  car¬ 
diac  sympathectomy.  Thus,  it  is  apparent  that  the  right, 
but  not  the  left,  cardiac  sympathetic  nerves  contribute 
to  the  reflex  HR  adjustment  to  volume  loading.  Also, 
since  the  vagus  remained  as  the  only  innervation  to  the 
heart,  it  too  contributed  to  the  heart  rate  response. 
Because  the  initial  HR  as  well  as  the  maximum  HR 
response  was  reduced  following  section  of  the  right  ansa 
subclavia.  the  cardiac  sympathetic  nerves  may  only 
modulate  the  HR  response  to  vagal  withdrawal. 

It  has  been  demonstrated  that  HR  responses  to 
changes  in  vagal  efferent  activity  are  modulated  by  the 
existing  level  of  sympathetic  activity  (16).  To  evaluate 
the  possibility  that  the  contribution  of  the  sympathetic 
activity  to  the  HR  responses  observed  during  volume 
loading  is  modulatory,  intravenous  infusions  of  epi¬ 
nephrine  were  initiated  in  four  animals  prior  to  the 
inscription  of  the  volume  infusion  curve.  As  shown  in 
Table  2,  epinephrine  significantly  augmented  the  AHR 
response  to  the  volume  infusion  (range,  10-28  beats/min 
increased  response).  After  bilateral  section  of  the  ansa 
subclavia  intravenous  epinephrine  also  increased  the 
AHR  to  volume  loading  (range  18-23  beats/min  in¬ 
creased  response). 

Since  selective  interruption  of  the  ansa  subclavia 
might  attenuate  the  heart  rate  response  as  a  result  of 
partial  deafferentation.  the  heart  rate  response  was 
examined  in  four  additional  animals  before  and  follow¬ 
ing  sectioning  of  the  dorsal  roots  (T,-T5).  This  presum¬ 
ably  deafferented  nonvagal  cardiac  innervation  (20). 
Neither  resting  heart  rate  (before,  95  ±  5  beats/min; 
after,  94  ♦  8  beats/min),  nor  the  change  in  heart  rate 
(before,  43  i  6  beats/min:  after  36  ±  4  beats/min)  were 
significantly  altered  due  to  dorsal  root  sectioning.  Thus, 
it  appears  that  the  afferent  pathway  for  the  heart  rate 


<btj~  o~o  Before  coraioc  S/mpomecromr 
•— •  Af' **  cora >oc  symoatneefotne 


:  •  e  i?  *>  2C  2c 

Change  in  mean  lE*-?  atrial  PRESSURE 

1  mm  Mg. 


CHANGE  IN  MEAN  Ltf '  A’RiA^  PRESSURE 
iovti  Hqi 


fig.  1  Heart  rale  and  cardiac  output  responses  to  volume  loading 
before  and  after  bilateral  cardiac  sympathectomy  Average  re¬ 
sponses  from  each  animal  were  considered  a  single  observation. 
Each  curve  represents  average  of  same  6  animals. 


response  during  volume  loading  lies  primarily  in  the 
vagus  nerves. 

As  shown  in  Table  1  and  Fig.  1,  the  influence  of  the 
sympathetic  nerves  on  the  cardiac  output  response  was 
related  to  the  heart  rate  changes.  Under  normal  condi¬ 
tions,  volume  loading  increased  the  cardiac  output  from 
2,500  ±  229  to  4,446  ±  309  ml/min.  Following  bilateral 
section  of  the  ansa  subclavia  nerves,  the  cardiac  output 
response  was  significantly  reduced  (control  to  peak  was 
2,412  ±  197  to  3,396  ±  254  ml/min)  and  was  proportional 
to  the  reduction  in  heart  rate.  As  a  result  of  the  lower 
resting  heart  rate,  the  stroke  volume  during  control 
conditions  was  increased  (from  22.8  ±  2.1  to  28.8  ±  3.0 
ml/beat).  However,  unlike  the  control  response,  stroke 
volume  was  not  significantly  increased  due  to  volume 
loading  after  bilateral  section  of  the  cardiac  sympa¬ 
thetic  nerves  (Table  1).  Volume-induced  peripheral  re¬ 
sistance  changes  were  attenuated  bv  cardiac  sympa- 
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table  2.  Influence  of  epinephrine  on  heart 
rate  response  to  volume  loading 


Rest  89  98  89  84 


Peak  129  151  107  122 

d  37  53  18  38 

Range  31-39  41-67  15-21  33-45 

n  =  4  Intravenous  infusion  of  epinephrine  (Epu  was  maintained 
during  volume  loading  before  cardiac  sympathectomy  and  after  car¬ 
diac  sympatnectomv  lEpi  -  TSi.  These  responses  a»e  compared  with 
control  (C)  infusions  and  infusion  after  cardiac  sympathectomy  ( TS  i 
without  epinephrine,  d.  mean  difference 


thectomy  even  though  the  final  total  peripheral  resist¬ 
ance  reached  was  not  significantly  different.  The  reduc¬ 
tion  in  cardiac  output  may  account  for  this  change.  No 
significant  difference  in  the  peripheral  resistance  re¬ 
sponse  was  noted  after  left  svmpathectomv  alone  (Table 
1). 

In  order  to  identify  a  possible  involvement  of  the 
arterial  baroreceptors  in  the  heart  rate  or  peripheral 
resistance  changes,  sinoaortic  denervations  were  per¬ 
formed  in  five  animals  from  which  12  infusion  curves 
had  been  obtained.  Following  the  denervation.  12  addi¬ 
tional  infusions  were  performed.  As  shown  in  Table  1 
and  Fig.  2.  neither  the  resting  values  of  heart  rate  and 
cardiac  output  nor  their  responses  to  the  infusions  were 
significantly  altered.  Acute  volume  loading  caused  sim¬ 
ilar  declines  in  peripheral  resistance  (from  2.35  to  1.45 
PRU  before  baroreceptor  denervation,  and  from  2.48  to 
1.67  PRU  after  denervation  i  which  appeared  to  be  lin¬ 
early  related  to  the  rise  in  cardiac  output  (Fig.  3).  This 
suggests  that  mechanisms  other  than  the  arterial  baro¬ 
receptors  are  involved  in  the  regulation  of  peripheral 
resistance  during  acute  volume  loading. 


DISCUSSION 

Evidence  has  been  presented  to  show  that  increases  in 
arterial  pressure  during  acute  volume  loading  are  asso¬ 
ciated  with  a  significant  tachycardia  which  is  influ¬ 
enced  primarily  by  changes  in  efferent  vagus  nerve 
activity  with  a  lesser  but  significant  contribution 
through  the  right  cardiac  sympathetic  nerves.  The  fact 
that  the  AHR  response  to  volume  loading  was  less  after 
section  of  the  right,  but  not  the  left,  ansa  subclavia  adds 
additional  support  for  the  role  of  the  right  cardiac  sym¬ 
pathetic  nerves  in  the  reflex  HR  response  to  volume 
loading.  Furthermore,  in  our  study,  since  removal  of  the 
dorsal  roots  from  T,  to  T5  did  not  alter  the  heart  rate 
response  to  volume  loading,  one  may  assume  that  the 
afferent  pathway  is  in  the  vagus  nerves.  It  is  clear  from 
the  results  of  this  study  that  sino-aortic  denervation  did 
not  alter  the  magnitude  of  the  heart  rate  response.  A 
similar  observation  was  noted  by  Vatner  et  al.  (28) 
during  modest  infusions. 

Since  the  results  in  this  study  and  others  (10,  28)  have 
demonstrated  that  tachycardia  due  to  volume  loading  is 
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fig.  2.  Heart  rate  and  cardiac  output  responses  to  volume  loading 
before  and  after  arterial  baroreceptors  denervation.  Each  curve  rep¬ 
resents  average  of  same  5  animals. 
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FIG.  3.  Relationship  between  peripheral  vascular  resistance  and 
cardiac  output  during  volume  infusion.  Each  curve  represents  aver- 
age  of  same  5  dogs. 

influenced  by  both  vagal  and  sympathetic  efferent  path¬ 
ways.  it  is  possible  that  the  magnitude  of  the  response 
may  depend  on  a  reciprocal  relationship  between  vagal 
and  sympathetic  neural  activity  reaching  the  SA  node 
(9,  12).  Direct  nerve  stimulation  has  indicated  that  con¬ 
trol  of  heart  rate  is  dominated  by  the  vagus  (16.  29). 
When  vagal  efferent  activity  is  held  constant,  large 
changes  in  cardiac  sympathetic  efferent  activity  are 
required  to  alter  heart  rate  substantially  (15.  16).  On 
the  other  hand,  from  the  same  studies,  it  is  apparent 
that  when  sympathetic  activity  is  held  constant,  small 
changes  in  vagal  nerve  activity  can  cause  large  changes 
in  heart  rate  especially  when  resting  sympathetic  activ¬ 
ity  is  high.  In  our  study,  it  is  conceivable  that  the  heart 
rate  response  could  result  from  a  combination  of  small 
decreases  in  vagal  activity  and  concurrently  much 
larger  increase  in  sympathetic  activity.  However,  large 
increases  in  sympathetic  activity  seems  unlikely  for  the 
following  combination  of  reasons:  i )  approximately  60f7 
of  the  heart  rate  response  remained  following  the  elimi¬ 
nation  of  the  sympathetic  input,  ii)  Following  vagal 
blockade,  the  tachycardia  response  to  volume  loading  is 
eliminated.  This  suggests  that  the  sympathetic  activity 
is  not  increasing  appreciably  (10.  28).  but  rather,  the 
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vagal  influences  were  more  significant  in  the  face  of 
background  sympathetic  activity. 

The  concept  that  the  background  level  of  sympathetic 
activity  can  modify  vagal  influences  was  tested  in  the 
present  study  by  controlled  infusion  of  epinephrine 
which  had  only  a  slight  effect  on  the  resting  heart  rate. 
This  caused  the  peak  heart  rate  response  to  acute  vol¬ 
ume  loading  to  be  increased  in  either  intact  or  cardiac 
sympathectomized  animals.  From  this,  one  can  con¬ 
clude  that  the  magnitude  of  the  response  to  vagal  with¬ 
drawal  can  be  increased  by  increasing  the  existing  sym¬ 
pathetic  activity  (i.e..  concentration  of  catecholamine  at 
the  SA  n  -  •.  This  conclusion  is  supported  by  the  work 
of  Levy  a..~  Zieske  (16)  in  which  combined  electrical 
stimulation  of  the  vagus  and  sympathetic  nerves  to  the 
heart  was  employed.  When  the  basal  heart  rate  was 
moderately  elevated  bv  tonic  sympathetic  stimulation, 
increases  in  heart  rate  due  to  reduced  vagal  stimulation 
were  much  more  dramatic  (15.  16).  Similar  heart  rate 
dependency  upon  the  resting  sympathetic  activity  is 
evidenced  when  comparing  the  effects  of  vagal  blockade 
on  the  control  heart  rate  before  and  after  elimination  of 
sympathetic  influences  1 10.  28). 

Although  volume  loading  may  stimulate  receptors,  in 
addition  to  those  shown  to  be  in  the  atrial-venous  junc¬ 
tion.  similarities  do  exist  between  the  responses  ob¬ 
served  during  volume  loading  and  some  of  those  re¬ 
ported  during  direct  tissue  stretch.  Edis  et  al.  (6)  re¬ 
ported  that  the  magnitude  of  the  heart  rate  response  to 
stretch  of  the  pulmonary  vein-atrial  junction  depended 
upon  both  efferent  vagal  and  cardiac  sympathetic" 
nerves.  In  their  study,  when  carotid  sinus  pressure  was 
manipulated  to  maintain  heart  rate  lower  than  140-150 
beats/min  stretch  of  the  junction  produced  tachycardia. 
When  manipulation  of  the  sinus  pressure  forced  heart 
rate  above  150  beats/min  (presumably  withdrawing  the 
vagus  and  activating  the  cardiac  sympathetic  nerves) 
stretch  of  the  pulmonary  vein-atrial  junction  caused 
bradycardia.  Reversal  of  responses  is  explainable  if  one 
considers  that  the  efferent  activity  in  both  groups  of 
nerves  could  simultaneously  be  reduced  during  disten¬ 
sion.  This  concept  is  supported  by  the  work  of  Levy  et  al. 
(16)  in  which  withdrawal  of  vagal  activity  dominates 
heart  rate  changes  until  the  vagus  is  silent.  Further 
evidence  that  cardiac  sympathetic  activity  can  with¬ 
draw  during  volume  infusion  is  the  bradycardia  follow¬ 
ing  vagal  blockade  (2,  10,  28)  as  well  as  the  bradycardia 
seen  during  coronary  occlusion  in  sinoaortic  denervated 
animals  with  heart  rates  greater  than  150  beats/min 
(23). 

Our  study  also  demonstrated  an  important  vasodila¬ 
tor  effect  during  volume  infusion.  Sinoaortic  denerva¬ 
tion  failed  to  demonstrate  high  pressure  receptor  in¬ 
volvement  in  these  peripheral  resistance  changes.  Pre¬ 
vious  studies  have  shown  a  small  vasodilator  effect  by 
stimulation  of  atriovenous  junction  receptors  (6)  but 
volume  loading  studies  have  failed  to  support  a  substan¬ 
tial  contribution  through  afferent  vagal  involvement 
(3).  Therefore,  one  may  presume  that  the  observed  pe¬ 
ripheral  resistance  responses  primarily  involved  direct 
vasodilator  influences  secondary  to  increased  cardiac 
output. 


Acute  volume  loading  in  the  conscious  animal  re¬ 
sulted  in  a  proportionately  larger  increase  in  cardiac 
output  than  arterial  pressure.  Consequently,  total  pe¬ 
ripheral  resistance  declined  as  cardiac  output  was  in¬ 
creased.  Liedtke  et  al.  (17)  changed  cardiac  output  in 
anesthetized  dogs  by  altering  cardiac  pump  perform¬ 
ance  either  through  changes  in  coronary  perfusion  or 
calcium  ion  concentration  in  the  perfusion  of  the  coro¬ 
nary  beds.  They  also  observed  a  similar  decline  in  pe¬ 
ripheral  resistance  with  increasing  cardiac  output. 
However,  following  bilateral  baroreceptor  denervation 
and  vagotomy,  they  observed  an  increase  in  peripheral 
resistance  with  increasing  cardiac  output.  They  con¬ 
cluded  that  total  body  autoregulation  occurred  when  the 
arterial  baroreflexes  from  the  carotid  and  aortic  arch 
were  eliminated.  In  our  study,  bilateral  removal  of  the 
carotid  and  aortic  baroreceptors  did  not  alter  the  rela¬ 
tionship  between  resistance  and  cardiac  output. 

Sagawa  and  Eisner  (24)  also  failed  to  observe  signifi¬ 
cant  whole-body  autoregulation  in  anesthetized  vagoto- 
mized  dogs  either  before  or  after  the  abrogation  of  arte¬ 
rial  baroreflexes.  Assuming  a  rectilinear  relationship 
between  pressure  and  flow,  they  observed  a  near  con¬ 
stant  peripheral  resistance  when  pressure  and  flow 
were  varied  from  60  to  140%.  Although  much  less  than 
we  observed,  the  pressure-flow  relationship  in  their 
study  was  convex  toward  the  flow  axis,  indicating  that 
as  cardiac  output  increases  above  normal  the  peripheral 
resistance  declines.  They  suggested  that  this  may  be 
due  to  arterial  baroreceptor  reflexes.  However,  in  the 
conscious  animal,  baroreceptor  denervation  did  not  al¬ 
ter  the  relationship,  suggesting  other  mechanisms  for 
vasodilitation  at  flow  rates  above  normal. 

A  detailed  study  by  Shepherd  et  al.  (25)  may  explain 
our  observations.  They  noted  little  autoregulation  in 
areflexive  dogs  even  though  arterial  pressure  was  re¬ 
duced  to  50%.  Oxygen  delivery  was  found  to  be  main¬ 
tained  by  increasing  oxygen  extraction.  However,  when 
initial  CL  extraction  (ia-viCL  difference)  was  increased 
either  by  epinephrine  infusions  or  ventilatory  induced 
hypoxia,  flow  autoregulation  occurred.  In  these  con¬ 
scious  animals  it  is  unlikely  that  the  CL  delivery  is 
limited  by  either  extraction  or  flow'.  Consequently,  at 
above  normal  flow  rates  the  pressure-flow  relationship 
may  become  convex  toward  the  flow  axis. 

Previous  studies  have  demonstrated  a  role  of  the  car¬ 
diopulmonary  receptors  in  the  regulation  of  vascular 
resistance  <6,  IP,  21).  Furthermore,  vagal  afferents  have 
been  shown  to  inhibit  the  sympathetic  outflow  to  the 
peripheral  vascular  beds  (19).  However,  in  conscious 
dogs  cold  block  of  the  vagus  does  not  apparently  alter 
the  cardiac  output  and  arterial  pressure  relationship 
during  volume  loading  (2).  However,  it  is  possible  that 
volume  loading  decreases  the  restraint  exerted  by  the 
arterial  baroreceptors  (27),  thereby  minimizing  the  in¬ 
fluence  of  the  low-pressure  receptors  on  the  sympathetic 
outflow  (19). 
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Cardiovascular  responses  to  electrocardiogram-coupled 
stimulation  of  rabbit  aortic  nerve 
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Stinnett,  H.  O.,  D.  F.  Peterson,  and  V.  S.  Bishop.  Car¬ 
diovascular  responses  to  electrocardiogram-coupled  stimula¬ 
tion  of  rabbit  aortic  rterve.  Am.  J.  Physiol.  230(5):  1374-1378. 
1976. —Electrical  stimulation  of  the  rabbit's  aortic  nerve 
during  one  or  more  cardiac  cycles  resulted  in  a  reflex  fall  in 
heart  rate  and  mean  arterial  blood  pressure  (MAP).  The  onset 
of  bradycardia  and  of  fall  in  MAP  were  independent  of  the 
number  of  beats  stimulated.  The  initial  slope  of  the  heart  rate 
and  MAP  responses  increased  as  the  number  of  beats  stimu¬ 
lated  increased,  reaching  a  maximum  at  five  beats  of  stimula¬ 
tion.  Bradycardia  peaked  8  and  10  beats  after  the  end  of  one 
and  two  cycles  of  stimulation,  respectively,  while  the  peak 
response  occurred  at,  or  prior  to,  the  end  of  stimulation  when 
12  or  more  beats  were  involved.  Onset  and  recovery  of  both 
responses  were  consistent,  and  seldom  did  MAP  indicate  a 
return  toward  control  during  stimulation.  Thus,  central  nerv¬ 
ous  system  modulation  of  sympathetic  activity  to  the  periph¬ 
eral  vasculature  was  sustained  as  long  as  the  aortic  nerve 
input  was  maintained.  However,  reflex  control  of  heart  rate 
was  more  complex,  involving  simultaneous  alteration  in  both 
vagal  and  sympathetic  efferent  activity. 

baro receptor  reflexes;  heart  rate;  blood  pressure 


CONTINUOUS,  8UPRAMAXIMAL  STIMULATION  of  the  aortic 
nerve  results  in  sustained  depression  in  heart  rate  (S) 
and  blood  pressure  (3,  10).  The  chronotropic  response 
has  been  shown  to  involve  activation  of  both  myelinated 
and  unmyelinated  afferent  fibers  that  reflexly  modify 
both  vagal  and  sympathetic  influences  on  the  heart  (6, 
7).  Blood  pressure  changes  appear  to  be  influenced  by 
activation  of  myelinated  and  unmyelinated  afferents  (3, 
10),  and  the  efferent  limb  associated  with  this  response 
is  in  the  sympathetic  nerves  that  alter  peripheral  vascu¬ 
lar  tone  (6,  7).  Recent  work  has  indicated  that  electrical 
stimulation  of  the  afferent  aortic  nerve,  confined  to  one 
cardiac  cycle,  can  produce  transient  bradycardia  (5). 
8imilar  direct  evidence  for  beat-to-beat  blood  pressure 
regulation  has  not  been  demonstrated.  In  addition,  lit¬ 
tle  is  known  about  the  time  course  of  reflex  blood  pres¬ 
sure  adjustments  or  of  their  temporal  relationship  with 
heart  rate  changes  during  aortic  nerve  activation. 

The  purpose  of  this  study  was  to  examine  qurntita- 
tively  the  extent  and  time  course  of  the  reflex  change  in 
heart  rate  and  blood  pressure  resulting  from  electrical 
stimulation  of  the  left  aortic  nerve  in  the  rabbit.  Stimuli 
were  synchronized  with  the  R  wave  of  the  electrocardi¬ 
ogram  (ECG)  and  the  total  duration  of  stimulation  was 
varied  in  order  to  determine  whether  the  responses  or 


their  relationship  to  each  other  were  dependent  on  the 
number  of  cardiac  cycles  activated. 

The  rabbit  was  used  in  this  study  because  its  aortic 
nerve  is  easily  identifiable,  anatomically  separate,  and 
composed  almost  entirely  of  afferent  fibers  originating 
from  baro  receptors  in  or  near  the  aortic  arch  (1,  10). 

METHODS 

Fourteen  rabbits  weighing  1. 7-2.5  kg  were  anesthe¬ 
tized  with  jjentobarbital  sodium  via  an  ear  vein  (Diabu- 
tal.  Diamond  Laboratories,  Inc.,  30  mg/kg  iv).  Supple¬ 
mental  anesthetic  was  administered  through  a  cannu- 
lated  femoral  vein.  The  femoral  artery  was  also  cannu¬ 
la  ted  and  connected  to  a  Statham  P23db  strain  gauge  for 
blood  pressure  recordings.  Heart  rate  was  monitored  via 
sternal  needle  electrodes  connected  to  a  Beckman  9857B 
cardiotachometer  coupler.  Blood  pressure  and  heart 
rate  were  initially  recorded  on  a  Beckman  R411  oscillo¬ 
graph  with  parallel  output  signals  to  a  Digital  Equip¬ 
ment  Corporation  PDP-8/E  digital  computer.  A  trache¬ 
otomy  was  performed  and  the  animals  were  artificially 
ventilated  by  the  technique  published  previously  (6)  to 
assure  maintenance  of  normal  blood  Po-,,  Pco,,  and  pH. 
Through  a  midventral  incision,  the  left  aortic  nerve 
(LAN)  was  located  in  the  cervical  region,  carefully  iso¬ 
lated  from  surrounding  tissue  for  about  1  cm,  sectioned 
near  the  sternum,  and  bathed  in  mineral  oil,  as  previ¬ 
ously  described  (6).  The  central  end  of  the  LAN  was 
placed  onto  bipolar  (plantinum  iridium)  electrodes  that 
were  connected  to  a  Grass  SD9  stimulator.  Nerve  stimu¬ 
lation  was  accomplished  by  synchronization  of  the 
Schmidt  trigger  of  the  computer  with  the  R  wave  of  the 
ECG.  The  Schmidt  trigger  then  activated  the  stimula¬ 
tor.  Thus,  regulation  of  stimulus  timing  and  stimulus 
parameters,  as  well  as  continuous  calculation  of  the 
length  of  each  R-R  interval  and  beat-to-beat  mean  blood 
pressure,  was  accomplished  with  the  computer  and  spe¬ 
cial  computer  program  systems.  An  experimental  trial 
consisted  of:  /)  10  successive  control  cardiac  cycles,  2) 
bursts  of  electrical  stimuli  coupled  to  each  R  wave  of  the 
ECG  beginning  with  the  11th  interval  and  continuing 
through  a  predetermined  number  of  beats,  and  3)  con¬ 
tinuous  data  collection  through  recovery  to  control. 
Each  burst  of  electrical  stimulation  was  made  up  to  10 
aquare-wave  impulses  (10  V)  inserted  10  ms  after  the 
recorded  R  wave  of  the  ECG.  The  impulse  duration  was 
0.3  ms,  stimulus  frequency  was  80  Hz,  and  burst  dura¬ 
tion  was  113  ms.  Each  combination  of  stimulus  condi- 
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tions  was  repeated  10  timaa  in  succession,  and  the  aver¬ 
age  R-R  interval  and  blood  pressure  were  calculated  by 
the  computer  for  each  cardiac  cycle  during  control  as 
well  as  during  and  after  stimulation  periods.  The  num¬ 
ber  of  beats  stimulated  included  1,  2,  5,  12,  20,  40,  and 
120,  and  the  order  of  stimulation  was  randomized  be¬ 
tween  animals.  From  the  averaged  trial  data,  the  peak 
change  in  R-R  interval  duration  and  blood  pressure,  as 
well  as  the  latencies  to  onset  and  peak  responses,  were 
calculated.  Digital  analysis  was  made  by  the  computer 
and  computer-linked  oscilloscope  displays  of  the  re¬ 
sponses  were  obtained  and  photographed. 

The  latency  to  onset  (LTO)  was  measured  as  the  time 
from  the  beginning  of  stimulation  to  the  first  beat  indi¬ 
cating  a  fall  in  heart  rate  or  blood  pressure  below  the 
average  control  values.  The  initial  mean  slope  values 
for  the  various  curve  components,  representing  the  ini¬ 
tial  rate  of  change  in  the  respective  response,  were 
calculated  based  on  the  average  unit  change  (ms  or 
mmHg,  respectively)  per  unit  time  during  the  first  10 
beats  after  onset.  Latency  to  peak  (LTP)  bradycardia 
was  measured  as  the  time  from  the  beginning  of  the 
stimulus  to  the  end  of  the  beat  with  the  longest  interval 
time.  The  LTP  hypotension  was  measured  as  the  time 
from  the  beginning  of  stimulation  to  the  end  of  the  first 
beat  having  the  minimum  mean  blood  pressure.  Time 
constants  for  the  recovery  after  stimulation  were  deter¬ 
mined  by  measuring  the  time  from  initiation  of  the 
recovery  response  until  heart  rate  or  blood  pressure  had 
recovered  toward  control  by  67%  of  the  original  displace¬ 
ment. 

Values  are  reported  as  the  mean  or  mean  difference  ± 
SE.  Statistical  evaluation  was  made  by  use  of  the  Stu¬ 
dent  t  test  for  paired  comparisons;  P  <  0.05  was  consid¬ 
ered  significant. 

RESULTS 

Figure  1  presents  average  heart  rate  (measured  in  R- 
R  interval  time)  and  mean  blood  pressure  response 
curves  recorded  simultaneously  during  120  beats  of 
stimulation  for  one  animal.  During  LAN  stimulation  of 
this  number  of  heartbeats,  both  maximal  reflex  brady¬ 
cardia  and  hypotension  were  attained  in  all  animals 
studied.  Each  curve  and  point  in  the  curve  represents 
the  average  value  for  10  successive  trials.  After  aortic 
nerve  stimulation  began  (zero  time)  onset  of  heart  rate 
changes  occurred  quickly  (2nd  beat).  Onset  of  mean 
blood  pressure  change,  however,  did  not  occur  until  the 
9th  or  10th  beat. 

The  heart  rate  response  during  120  beats  of  stimula¬ 
tion  was  characterized  by  an  initial  rapid  fall  inter¬ 
rupted  by  an  abrupt  decrease  in  slope  ("shoulder”)  (Fig. 
1).  Usually,  heart  rate  continued  to  fall  slightly  but  the 
difference  between  the  shoulder  and  the  peak  response 
did  not  prove  to  be  significant.  In  all  cases  there  was  a 
•light  tendency  for  heart  fate  to  return  toward  control 
before  stimulation  ceased,  probably  a  result  of  intact 
carotid  sinus  baro receptors  responding  to  the  falling 
blood  pressure. 

A  reflex  arterial  blood  pressure  response  similar  to 
that  shown  in  Fig.  1  was  obtained  in  all  animals.  Simi- 


nc.  1.  Oscillograph  display  of  reflex  bradycardia  (change  in  R-R 
interval  time  of  ECG)  and  blood  pressure  fall  Ichange  in  mean 
arterial  pressure  (MAP))  produced  in  1  rabbit  during  electrical  stim¬ 
ulation  of  left  aortic  nerve  (LAN)  for  120  heartbeats.  Both  response 
curves  are  average  of  10  trails.  Stimulation  initiation  is  at  zero.  Each 
point  represents  average  R-R  or  MAP  value  recorded  per  heartbeat 
and  displayed  on  a  Digital  Equipment  Corporation  PDP-8  computer 
oscilloscope.  Ordinate:  R-R  (5  ms/division  left  scale;  bottom  to  topi 
and  decrease  in  MAP  (5  mmHg/division  right  scale;  top  to  bottom:. 
Abscissa:  heartbeat  number  from  beginning  of  stimulus  (zerol.  Ar¬ 
rows  indicate  beginning  and  end  of  stimulation. 

lar  onsets  were  also  observed  in  all  animals,  but  varia¬ 
tions  in  the  latency  to  peak  and  the  peak  response  were 
found  (Fig.  2 B). 

When  stimulation  of  the  LAN  was  terminated,  the 
onset  of  recovery  for  heart  rate  began  in  two  cardiac 
cycles,  whereas  mean  arterial  pressure  changes,  on  the 
average,  were  delayed  eight  cycles. 

Bradycardia  occurs  after  supramaximal  stimulation 
of  the  aortic  nerve  during  one  R-R  interval.  Our  results 
confirm  this  and  further  demonstrate  that  a  blood  pres¬ 
sure  depression  also  occurs  (Fig.  2fiV  As  shown  in  Fig. 
2,  the  time  course  and  magnitude  o*  the  heart  rate  and 
blood  pressure  responses  were  influenced  by  the  number 
of  beats  in  which  the  LAN  was  stimulated.  Each  curve 
represents  the  average  of  response  for  all  animals  sub¬ 
jected  to  that  number  of  beats  of  stimulation.  For  clar¬ 
ity,  results  for  2  and  12  beats  of  stimulation  were  omit¬ 
ted  from  Fig.  2.  The  average  control  R-R  interval  was 
203.5  ±  3.8  ms  (SE);  the  range  was  195.4-208.7  ms.  The 
onset  of  bradycardia  was  essentially  the  same  for  all 
levels  of  stimulation,  occurring  between  the  first  and 
second  beat,  mean  1.4  ±  0.3  beats  (LTO,  235  ±  77  ms). 
However,  the  initial  mean  slope  increased  progressively 
as  the  number  of  beats  stimulated  increased  from  one  to 
five  (Figs.  2A,  3A).  Beyond  five  beats,  no  further  in¬ 
crease  was  observed.  The  slope  value  for  the  curve 
associated  with  the  response  at  one  beat  of  stimulation 
was  significantly  different  from  that  for  five  (P  <  0.05), 

-  but  not  that  for  two.  The  respective  mean  peak  brady¬ 
cardia  values  are  illustrated  in  Fig.  2A  and  3 C  for 
comparison  at  each  increased  number  of  cardiac  cycles 
stimulated.  As  the  number  of  beats  stimulated  in¬ 
creased,  the  peak  bradycardia  increased  until  the  num¬ 
ber  stimulated  exceeded  40.  Thus,  the  maximum  brady¬ 
cardia  elicited  from  a  supramaximal  electrical  stimula¬ 
tion  of  the  LAN  occurred  on  the  average  at  47  beats  and 
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LAN  was  stimulated  for  1,  S,  20.  40.  and  120  cardiac  cycles  in  the 
rabbit  (abbreviations  same  as  m  Fig.  1).  A:  average  bradycardia 
(AR-Ri  for  1  (n  =  5).  5  (n  =  8).  20  (n  «  6),  and  120  in  =  7)  beats  of 
LAN  stimulation  ( n  «  number  of  animals).  Ordinate:  change  in  R-R 
interval  time.  Abscissa:  heartbeat  number  from  beginning  of  stimu¬ 
lus  (zero).  Stimulation  starts  at  zero  for  each  curve.  B:  average  blood 
pressure  fall  (A  MAP)  for  same  animals  and  number  of  beats  of  LAN 
stimulation  as  in  A .  Ordinate:  change  in  MAP.  Abscissa:  same  as 
Fig.  1.  Stimulation  starts  at  zero  for  each  curve. 

resulted  in  a  23%  reduction  in  heart  rate  from  control 
levels.  In  Fig.  2A  it  is  also  apparent  that  the  average 
bradycardia  response  curves  for  40  and  120  beats  of 
stimulation  display  an  abrupt  change  in  slope  or  shoul¬ 
der.  The  magnitude  of  the  responses  at  this  shoulder 
was  35.6  ±  8  and  32.8  ±  10.2  ms  increase  in  R-R  inter¬ 
val,  respectively.  These  shoulder  values  are  not  signifi¬ 
cantly  different  from  the  peak  values  of  their  respective 
curves  or  the  peak  value  after  20  intervals  of  stimula¬ 
tion.  However,  these  shoulders  were  always  easy  to 
identify  and  occurred  significantly  earlier  (17  and  20 
intervals)  on  the  respective  response  curves.  The  LTP 
bradycardia  values  for  the  various  beats  of  stimulation 
are  listed  in  Table  1.  The  LTP  values  for  one,  two,  and 
five  beats  of  stimulation  were  not  significantly  different 
from  each  other.  Values  for  12,  20,  40,  and  120  beats  of 
stimulation  were  significantly  different  (P  <  0.05)  from 
the  prior  values  and  from  each  other  (Table  1). 

After  stimulation,  individual  time  constants  were  de¬ 
termined  for  the  respective  bradycardia  recovery  curves 
and  not  found  to  be  significantly  different;  the  mean  of 
the  averages  was  2.5  s  or  11.5  beats. 

The  respective  curves  representing  mean  blood  pres¬ 
sure  responses  are  shown  in  Fig.  2 B  for  the  same  ani¬ 
mals  as  in  Fig.  2 A .  The  average  of  the  control  MAP 
values  was  84.6  ±  2.8  mmHg  (range  81.6-90.9).  Onset  of 
hypotension  is  essentially  the  same  regardless  of  the 


table  1.  Latency  to  peak  bradycardia  and  decrease  in 
blood  pressure  from  left  aortic  nerve  stimulation 
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number  of  beats  stimulated  and  occurred  between  the 
eighth  and  ninth  beat  after  stimulus  initiation  (LTO 
1,880  ±  230  ms).  Hence,  the  onset  of  MAP  change  is 
delayed  for  at  least  six  beats  or  more  than  1,600  ms 
compared  with  bradycardia  onset.  Initial  mean  slope 
averages  were  calculated  for  each  duration  of  stimula¬ 
tion  (Figs.  2 B  and  3B).  The  slopes  for  one  and  two  beats 
were  significantly  less  than  the  initial  slope  for  five 
stimulated  beats  or  more.  No  further  significant  in¬ 
crease  in  slope  was  observed  when  more  than  five  beats 
were  stimulated  (Fig.  3B).  On  the  average,  maximal 
MAP  depression  occurred  after  90  successive  beats  of 
stimulation  of  the  LAN  and  averaged  28.9  ±  5.1  mmHg 
or  a  35%  decrease  from  control  values  (Fig.  3D).  The 
LTP  hypotension  averages  for  the  various  number  of 
cardiac  cycles  stimulated  are  listed  in  Table  1.  The 
average  LTP  for  2  beats  was  significantly  different  (P  < 
0.05)  from  1  but  not  from  five  or  12  stimulated  beats.  The 
LTP  averages  for  20,  40,  and  120  stimulated  beats  were 
progressively  and  significantly  larger  (P  <  0.05)  than 
each  prior  value  respectively.  When  the  LAN  had  been 
stimulated  for  120  beats,  MAP  continued  to  remain 
maximally  depressed  for  an  average  of  eight  beats  after 
the  stimulation  was  stopped.  The  MAP  did  not  peak 
until  after  the  end  of  stimulation  when  stimulation  was 
confined  to  40  beats  or  less  and  in  all  cases  recovery  was 
delayed  at  least  8  beats  after  stimulation  ceased.  Blood 
pressure  did  not  recover  as  rapidly  as  heart  rate.  Time 
constants  were  calculated  for  the  recovery  part  of  the 
blood  pressure  response  curve.  No  significant  difference 
was  found  between  these  time  constants  and  the  mean 
of  the  averages  was  8.5  ±  0.7  s  or  45  beats. 

Finally,  to  determine  whether  or  not  blood  pressure 
depression  during  aortic  nerve  stimulation  might  be 
influenced  by  a  fall  in  cardiac  output  due  to  bradycar¬ 
dia,  the  peripheral  end  of  the  sectioned  right  vagus  was 
stimulated.  Electrical  stimulation  parameters  were  the 
same  as  LAN  stimulation  except  that  voltage  was  ad¬ 
justed  (ranging  between  3  and  3.5  V)  to  obtain  a  heart 
rate  change  similar  to  that  observed  during  LAN  stimu¬ 
lation.  As  a  result  of  vagal  stimulation  in  two  animals, 
average  R-R  interval  increased  67  ms  or  31%  over  con¬ 
trol  while  MAP  fell  only  5.7  mmHg  or  5.9%  below  con¬ 
trol.  Thus,  the  significant  hypotension  observed  during 
left  aortic  nerve  stimulation  cannot  be  explained  solely 
as  a  result  of  a  depressed  cardiac  output  secondary  to 
the  bradycardia. 
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n c.  3.  Mean  (bar)  s  SE  (bracket)  of  initial  mean  slope  and  peak 
bradycardia  and  MAP  depression  values  (ordinate)  during  selected 
beats  of  LAN  stimulation  in  rabbit  (abscissa).  Abbreviations  same  as 
in  Fig.  1.  A:  bradycardia  initial  mean  slope  (ms/s)  for  1,  2,  5,  12.  20. 
40.  and  120  beats  of  stimulation.  AH  values  for  5  beats  or  more  are 
significantly  different  from  1  and  2  beats  (P  <  0.05)  B:  mean  arterial 
pressure  initial  mean  slope  ImmHg/s)  for  same  animals  and  beats  of 
stimulation  as  in  A .  Values  for  5  through  40  beats  are  significantly 
different  from  1  and  2  beats  (P  <  0.05).  C.  peak  bradycardia  (ms)  for 
same  animals  and  beats  of  stimulation  as  in  A.  Maximum  reflex 
bradycardia  was  observed  on  average  after  47  beats  of  LAN  stimula¬ 
tion.  D:  peak  MAP  depression  ImmHg)  for  same  animals  and  beats  of 
stimulation  as  in  A.  Maximum  reflex  MAP  depression  was  observed 
on  average  after  90  beats  of  LAN  stimulation. 


DISCUSSION 

Supramaximal  stimulation  of  the  LAN  during  one  or 
more  cardiac  cycles  resulted  in  a  reflex  reduction  in  both 
heart  rate  and  blood  pressure.  In  all  animals  used,  and 
for  any  number  of  beats  stimulated,  the  onset  of  brady¬ 
cardia  occurred  within  two  beats  from  the  beginning  of 
stimulation  and  the  onset  of  hypotension  six  or  seven 
beats  later.  Therefore,  the  latency  to  onset  for  both 
responses  is  dependent  on  information  received  from  the 
first  beat  stimulated  irrespective  of  the  number  of  beats 
stimulated. 

Heart  rate  response  to  aortic  nerve  stimulation  in  the 
rabbit  that  was  confined  to  one  cardiac  cycle  has  already 
been  demonstrated  (5).  Our  results  have  confirmed  this 
finding  and  have  shown  that  blood  pressure  too  can  be 
influenced  in  like  manner.  However,  because  the  blood 
pressure  changes  were  much  later,  it  is  apparent  that 
rapid  regulation  of  systemic  pressure  is  limited  by  a 
significant  delay  in  the  physiological  system. 

Previous  studies  in  the  rabbit  have  indicated  that  the 
rapid  onset  of  bradycardia  involved  myelinated  afferent 


fibers  and  vagal  efferent  fibers  (6,  7).  Fiber  types  in¬ 
volved  and  possible  implications  in  the  slower  onset  of 
blood  pressure  changes  have  not  been  investigated 
Thus,  it  is  not  clear  whether  the  delay  in  onset  of 
hypotension  is  the  result  of  a  CNS  or  effector  organ 
process.  Interestingly,  the  onset  delay  for  hypotension 
observed  in  this  study  is  similar  to  the  delay  in  brady¬ 
cardia  onset  after  vagotomy  previously  reported  (7).  In 
that  study,  cardiac  sympathetic  influence  appeared  to 
be  primarily  dependent  on  alteration  of  aortic  nerve  A 
fiber  activity.  Douglas  et  al.  (3)  suggested  that  the 
earliest  and  most  rapid  onset  of  hypotension  observed  in 
rabbits  resulted  from  stimulation  of  small,  myelinated 
aortic  nerve  A  fibers.  Thus,  myelinated  afferents  are 
likely  involved  in  this  slow-onset  peripheral  sympa¬ 
thetic  response.  In  a  recent  study,  de  Groat  and  Lalley 
(2)  indicated  that  the  feline  carotid  sinus  reflex  sympa¬ 
thetic  conduction  times,  from  afferent  through  central 
delay  to  postganglionic  efferent  activity,  ranged  from  72 
to  217  ms.  On  the  other  hand,  Warner  and  Russell  (11) 
stimulated  the  canine  cardiac  sympathetic  nerves  (pri¬ 
marily  postganglionic  efferent  fibers)  and  observed  1.5- 
to  2-s  time  delays  both  in  the  onset  of  tachycardia  and 
return  of  the  heart  rate  to  control  levels.  These  delays 
are  similar  to  those  associated  with  blood  pressure 
changes  in  the  present  experiments  and  those  of  Kardon 
et  al.  (7).  Hence,  the  neutral  conduction  time  is  rela¬ 
tively  rapid  and  comprises  a  small  portion  of  the  time 
required  for  initiation  of  reflex  cardiovascular  re¬ 
sponses.  The  major  portion  of  the  observed  time  require¬ 
ment  for  reflex  blood  pressure  change  appears  to  involve 
mechanisms  at  the  effector  organ  site. 

The  initial  mean  slope  of  both  the  heart  rate  and 
blood  pressure  responses  was  not  constant  when  the 
number  of  intervals  stimulated  was  altered  between  one 
and  five.  In  both  responses  the  slope  became  progres¬ 
sively  steeper  as  the  number  of  cardiac  cycles  stimu¬ 
lated  was  increased  up  to  five.  Any  number  of  beats 
stimulated  beyond  five  did  not  elicit  further  change  in 
the  slope.  Such  changes  in  slope  suggest  an  important 
reinforcement  phenomenon  that  might  function  to  max¬ 
imize  the  rate  of  response  to  a  persistent  change  in 
afferent  baroreceptor  nerve  activity.  Whereas  brief 
changes  in  nerve  activity  (involving  less  than  five  car¬ 
diac  cycles)  would  elicit  subtle  readjustments,  changes 
involving  five  cycles  or  more  would  maximize  the  rate  of 
response. 

In  the  present  study,  peak  bradycardia  in  response  to 
stimulation  of  the  LAN  for  1,  2,  and  5  cardiac  cycles 
occurred  at  8,  10,  and  10  beats,  respectively.  Thus,  the 
peak  response  occurred  well  after  stimulation  ceased. 
However,  with  stimulation  of  12  or  more  intervals,  the 
peak  response  occurred  at  or  prior  to  cessation  of  stimu¬ 
lation  and  recovery  responses  began  within  2  beats.  At 
present  it  is  not  known  what  CNS  mechanism  might  be 
involved  to  cause  continued  development  of  the  response 
after  low  stimulus  durations.  Similar  nonlinear  input- 
output  was  noted  by  Katona  and  Barnett  (8).  They 
observed  in  the  cat  and  dog  a  difference  between  the 
phasic  activity  of  the  baroreceptor  fiber  and  the  non- 
phasic,  prolonged  activity  of  the  cardiac  vagal  fiber 
after  imposition  of  blood  pressure  changes.  It  is  possible 
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that  baro  receptor  affe rents  initiate  a  "reverberating  ac- 
■tivity”  in  the  CNS  similar  in  nature  to  that  hypothe¬ 
sized  by  Hockman  and  Talesnik  (4),  which  modifies 
afferent  input  resulting  in  prolonged  efferent  output 
after  short-duration  stimuli.  However,  to  explain  the 
rapid  "off"  and  recovery  response  observed  at  longer 
stimulus  durations,  an  additional  mechanism  must  be 
considered.  One  possibility  could  be  that  when  stimulus 
duration  is  extended  into  the  period  when  blood  pres¬ 
sure  is  depressed,  and  is  detectable  by  the  intact  aortic 
and  carotid  sinus  baro  receptors,  attenuation  or  inhibi¬ 
tion  of  this  reverberating  modulatory  activity  results 
from  altered  afferent  activity  from  these  receptors. 

Significant  hypotension  was.  not  associated  with  bra¬ 
dycardia  produced  by  efferent  vagal  stimulation  in  this 
study.  Hence,  the  fall  in  blood  pressure  during  LAN 
stimulation  was  primarily  due  to  a  reflex  decrease  in 
vascular  sympathetic  tone.  If  blood  pressure  was  influ¬ 
enced  by  bradycardia,  the  relationship  was  too  subtle  to 
be  identified  by  our  methods.  » 

Onset  and  recovery  of  both  heart  rate  and  blood  pres¬ 
sure  responses  were  consistent  and  there  was  seldom 
any  indication  that  blood  pressure  returned  toward  con¬ 
trol  during  stimulation.  This  suggests  that  CNS  modu¬ 
lation  of  sympathetic  activity  to  the  peripheral  vascula¬ 
ture  is  sustained  as  long  as  the  aortic  nerve  input  is 
sustained  in  spite  of  the  falling  blood  pressure.  On  the 
other  hand,  the  reflex  control  of  heart  rate  is  more  com¬ 
plex,  involving  simultaneous  alterations  in  both  vagal 
and  sympathetic  efferent  activity. 

The  onset  interval  and  initial  mean  slope  for  reflex 
bradycardia  during  the  first  10  intervals  must  be  me¬ 
diated  principally  through  vagal  efferents.  The  LTP  for 
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reflex  bradycardia  after  stellectomy  in  the  rabbit  has 
been  shown  to  occur  near  the  20th  interval;  after  vagot¬ 
omy  with  sympathetic  nerves  intact  the  LTP  was  almost 
doubled  (7).  That  study  also  demonstrated  that  the  la¬ 
tency  to  onset  of  heart  rate  changes  after  vagotomy 
occurred  much  later,  at  the  eighth  or  ninth  beat,  which 
corresponds  to  onset  of  blood  pressure  responses  ob¬ 
served  in  this  study.  Thus,  in  the  rabbit,  changes  in 
end-organ  responses  mediated  by  sympathetic  tone 
seem  to  have  similar  temporal  characteristics  for  the 
heart  and  vascular  areas  during  aortic  afferent  stimula¬ 
tion. 

Finally,  since  the  abrupt  changes  in  the  slope  of  the 
heart  rate  change  occurs  as  blood  pressure  falls,  perhaps 
the  decrease  in  neural  activity  from  intact  baroroceptors 
influences  vagal  outflow  selectively.  This  is  supported 
by  evidence  that  the  rabbit  aortic  afferent  C  fibers  do 
not  elicit  changes  in  heart  rate  through  efferent  sympa¬ 
thetic  pathways,  whereas  they  are  important  in  vagal 
control  of  heart  rate  (7).  Furthermore,  unmyelinated 
aortic  afferents  reportedly  are  absent  from  sympathetic 
sensory  areas  of  the  brainstem  (9).  Thus,  changes  in 
afferent  C  fiber  activity  from  intact  baroreceptors  may¬ 
be  occurring  that  influence  vagal  but  not  sympathetic 
outflow. 
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Reduction  in  Baroreflex  Cardiovascular  Responses 
Due  to  Venous  Infusion  in  the  Rabbit 

Henry  O.  Stinnett.  Ph  D.,  Vernon  S.  Bishop,  Ph.D.,  and  D.  Fred  Peterson,  Ph  D. 


SUMMARY  We  studied  reflex  bradycardia  and  depression  of 
mean  arterial  blood  pressure  (MAP)  during  left  aortic  nerve 
(L AN )  stimulation  before  and  after  volume  infusion  in  the  anes¬ 
thetized  rabbit.  Step  increases  in  mean  right  atrial  pressure 
(MRAP)  to  10  mm  Hg  did  not  result  in  a  significant  change  in 
heart  rate  or  MAP.  After  volume  loading,  responses  to  LAN 
stimulation  were  not  as  great  and  tbe  degree  of  attenuation  was 
proportional  to  the  level  of  increased  MRAP.  A  change  in  re¬ 
sponsiveness  was  observed  after  elevation  of  MRAP  by  only  1 
mm  Hg,  corresponding  to  less  than  a  10%  increase  in  average 
calculated  blood  volume.  After  an  increase  in  MRAP  of  10  mm 
Hg,  peak  responses  were  attenuated  by  44%  (heart  rate)  and 


VOLUME  LOADING,  sufficient  to  raise  the  venous 
pressure  and  dilate  the  heart,  has  been  observed  to  pro¬ 
duce  striking  cardiovascular  responses.1  1  Since  Bain- 
bridge3  first  reported  an  increase  in  heart  rate  during 
intravenous  infusion  many  studies  have  attempted  to  de¬ 
scribe  the  efferent  pathways*"’  of  reflexes  originating  from 
receptors  located  in  the  cardiopulmonary  region. I0'14  Still, 
the  interaction  of  the  low  pressure  cardiopulmonary  re¬ 
ceptors  with  the  arterial  baroreflex  system  is  not  clear.15 
Under  conditions  of  arterial  baroreceptor  isolation  or  de¬ 
nervation.  tne  receptors  in  the  cardiopulmonary  region 
that  are  subserved  by  afferent  vagal  fibers  have  been 
shown  to  exert  a  restraint  on  the  sympathetic  adrenergic 
outflow  to  the  peripheral  vasculature  in  the  dog18  and 
rabbit.17  Recently,  Vatner  et  al.2  found  that  arterial  baro¬ 
reflex  sensitivity  in  dogs  is  reduced  as  atrial  pressure  is 
increased  by  volume  loaJing  and  suggested  that  the  set 
point  or  gain  of  the  arterial  baroreflex  system  is  altered 
during  infusion .  These  alterations  might  occur  at  either  the 
receptor  site  or  in  the  central  nervous  system.  Although 
recent  evidence "*•  ’*  does  suggest  that  reflex  responses 
from  one  input  are  modified  by  other  afferent  inputs 
through  integration  in  the  central  nervous  system,  it  >s 
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52%  (MAP),  and  the  initial  slopes  (rate  of  change)  were  reduced 
by  46%  (heart  rate)  and  66%  (MAP).  Comparison  of  the  re¬ 
sponses  after  infusion  with  blood  and  dextran  solutions  indicated 
that  hemodilution  was  an  unlikely  explanation  for  the  attenuation 
of  tbe  reflex  responses.  Total  arterial  baroreceptor  denervation 
(ABD)  abolished  tbe  volume-related  attenuation  of  the  cardio¬ 
vascular  responses,  whereas  attenuation  was  still  present  follow¬ 
ing  bilateral  aortic  nerve  section  or  vagotomy.  It  thus  appears  that 
the  carotid  sinus  responds  to  changes  in  blood  volume  and  influ¬ 
ences  the  reflex  cardiovascular  responses  to  afferent  stimulation 
of  the  LAN.  On  the  other  hand,  cardiopulmonary  receptors 
subserved  by  vagal  afferents  do  not  appear  to  be  involved. 


unlikely  that  specific  modification  of  systemic  arterial  bar- 
oreceptors  is  involved.  In  the  dog,  Gupta  et  al.28  found 
dramatic  increases  in  atrial  type  B  receptor  activity  with 
volume  expansion,  while  observing  only  small  changes  in 
activity  of  individual  aortic  fibers.  However,  later  work  by 
Edis21  demonstrated  that  the  aortic  baroreceptor  in  the 
dog  shows  little  tonic  activity;  consequently,  in  the  dog. 
one  would  not  expect  to  see  large  changes  in  aortic  nerve 
activity  with  modest  alterations  in  vascular  volume .  On  the 
other  hand,  in  the  rabbit,  Kumada  and  Sagawa22  found  the 
aortic  baroreceptor  nerve  activity  recorded  from  multifi¬ 
ber  preparations  to  be  proportional  to  modest  blood  pres¬ 
sure  changes  during  20%  volume  loading  and  10%  blood 
loss. 

This  study  was  designed  to  investigate  the  influence  of 
volume  expansion  on  responses  to  aortic  nerve  stimulation 
in  the  intact  and  selectively  denervated  rabbit.  Heart  rate 
and  blood  pressure  responses  were  measured  before  and 
after  steady  state  alterations  in  mean  right  atrial  pressure 
(MRAP).  The  relative  influence  of  low  and  high  pressure 
receptors  was  examined  and  the  threshold  for  atrial  pres¬ 
sure  necessary  to  effect  altered  responses  was  determined. 
The  rabbit  was  chosen  as  the  model  for  study  because  it 
has  an  easily  identified  aortic  nerve  which  subserves  only 
baroreceptors,  and  the  vascular  responses  are  well  de¬ 
fined.23-  24 

Methods 

Twenty-four  rabbits  weighing  between  1 .48  and  2.23  kg 
were  anesthetized  with  sodium  pentobarbital  (Diabutal. 
Diamond  Laboratories),  30  mg/kg,  iv,  via  an  ear  vein  for 
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this  study.  Supplemental  anesthetic  was  administered 
through  a  cannulated  femoral  vein  to  maintain  a  light  level 
of  surgical  anesthesia.  The  descending  aorta  (via  the  femo¬ 
ral  artery)  and  the  right  atrium  (via  the  jugular  vein)  also 
were  cannulated  and  connected  to  Statham  P23Db  and 
P23Bb  strain  gauges  to  record  arterial  and  right  atrial 
pressures,  respectively.  Heart  rate  was  monitored  through 
sternal  needle  electrodes  connected  to  a  Beckman  9847  B 
cardiotachometer  coupler.-'1  Blood  pressures  and  heart 
rate  initially  were  recorded  on  a  Beckman  R411  oscillo¬ 
graph  with  parallel  output  signals  from  the  arterial  pres¬ 
sure  and  heart  rate  channels  connected  to  a  DEC  PDP  8/E 
digital  computer.  A  tracheostomy  was  performed  and  the 
rabbits  were  artificially  ventilated  by  the  technique  pub¬ 
lished  previously24  to  ensure  maintenance  of  normal  blood 
Poj,  Pcoj,  and  pH.  Through  a  midventra!  incision,  the  left 
and  right  aortic  nerves  were  located  in  the  cervical  region 
and  carefully  isolated  from  surrounding  tissue  for  about  1 
cm.24'25  In  addition,  in  four  rabbits  the  vagi,  and  in  five 
rabbits  the  carotid  sinus  nerves,  also  were  carefully  iso¬ 
lated  and  looped  with  a  loose  thread  for  identification 
prior  to  bilateral  sectioning.  Loss  of  the  reflex  responses 
due  to  bilateral  carotid  occlusion  verified  carotid  sinus 
denervation.25  After  carotid  sinus  denervation  total  arte¬ 
rial  baroreceptor  denervation  (ABD)  was  considered 
complete  when  both  aortic  nerves  also  were  sectioned.  In 
all  rabbits  the  left  aortic  nerve  (LAN)  was  sectioned  near 
the  sternum  and  bathed  in  mineral  oil,  as  previously  de¬ 
scribed24,  25  The  central  end  of  the  LAN  was  placed  on 
bipolar  (platinum-iridium)  electrodes  which  were  con¬ 
nected  to  a  Grass  SD9  stimulator.  The  stimulator  was 
activated  by  the  Schmitt  trigger  of  the  computer  which  was 
synchronized  with  the  R  wave  of  the  electrocardiogram 
(ECG).  Regulation  of  the  stimulus  timing  and  stimulus 
parameters,  as  well  as  continuous  calculation  of  the  length 
of  each  R-R  interval  and  beat-to-beat  mean  arterial  pres¬ 
sure  (MAP),  were  accomplished  using  the  computer  and 
special  computer  program  systems.  An  experimental  trial 
consisted  of:  (1)  10  successive  control  cardiac  cycles,  (2) 
bursts  of  electrical  stimuli  coupled  to  each  R  wave  of  the 
ECG  beginning  with  the  11th  interval  and  continuing 
through  120  intervals,  and  (3)  continuous  data  collection 
through  recovery  to  control.  Each  burst  of  electrical  stim¬ 
ulation  was  made  up  of  10  rectangular  pulses  (10  V) 
delivered  10  msec  after  the  recorded  R  wave  of  the  ECG. 
The  impulse  duration  was  0.3  msec,  the  stimulus  fre¬ 
quency  was  80  Hz,  and  burst  duration  was  113  msec.  For 
each  experimental  condition  data  from  five  or  more  trials 
were  averaged  for  each  rabbit.  The  peak  change  in  R-R 
interval  and  blood  pressure,  the  latencies  to  onset  and 
peak  responses,  as  well  as  the  initial  slope  for  each  re¬ 
sponse,  were  calculated  as  previously  described.25 

The  heart  rate  and  blood  pressure  responses  to  LAN 
stimulation  were  studied  in  14  rabbits  infused  with  dextran 
in  physiologic  solution,  5  g/1,000  ml  (dextran  40,  mol  wt 
40,000,  Pharmacia),  heated  at  38°C,  and  one  rabbit  was 
infused  with  whole  blood  from  a  heparinized  donor.  The 
rate  of  infusion  through  the  femoral  vein  was  adjusted  to 
ensure  a  steady  rise  in  right  atrial  pressure.  Infusions  were 
given  over  a  period  of  6-14  minutes.  Once  the  MRAP  had 
reached  a  predetermined  level  (1 ,  2.5,  5,  or  10  mm  Hg) 


infusion  was  continued  at  a  rate  necessary  to  maintain 
MRAP  at  that  level.  Trial  stimulations  of  the  LAN  were 
initiated  after  heart  rate  and  MAP  reached  stabilized 
steady  state  values. 

Reflex  responses  to  LAN  stimulation  were  also  studied 
in  four  rabbits  which  were  bled  after  prior  infusion  of 
dextran  solution.  Each  rabbit  was  bled  until  the  volume  of 
blood  removed  equaled  the  volume  of  dextran  solution 
previously  infused.  In  some  instances,  slightly  more  blood 
was  withdrawn  to  reduce  MRAP  to  control  level  (range, 
0-1 .5  mm  Hg).  In  no  case  did  the  volume  withdrawn  plus 
urine  volume  collected  during  this  period  exceed  the  pre¬ 
viously  infused  volume  by  more  than  10  ml.  Following 
each  bleeding,  a  period  of  1-2  minutes  was  allowed  for 
stabilization  of  the  rabbit’s  heart  rate  and  blood  pressure 
before  further  experimental  trials  were  undertaken. 

To  monitor  the  red  biood  cell  concentration,  hemato¬ 
crits  were  measured  before  and  after  each  infusion  or 
bleeding.  In  addition,  urine  flow  and  volume  also  were 
routinely  monitored  throughout  each  experiment. 

Values  are  reported  as  the  mean  or  mean  difference  ± 
the  standard  error  of  the  mean  (sem).  Statistical  evalua¬ 
tion  was  made  by  use  of  the  appropriate  Student’s /-test  for 
paired  or  unpaired  comparisons.  P  values  (<0.05 )  were 
considered  significant. 

Results 

In  14  rabbits  MRAP  was  elevated  to  5  mm  Hg  and  in 
seven  of  these,  to  10  mm  Hg,  using  an  average  of  41  and 
71  ml  of  dextran  solution.  This  acute  volume  expansion 
did  not  significantly  affect  either  heart  rate  or  blood  pres¬ 
sure  (Table  1 ).  Representative  changes  in  response  to 
LAN  stimulation  are  shown  in  Figure  1  before  and  after 
step  increases  in  right  atrial  pressure.  The  duration  of 
stimulation  used  (120  cardiac  cycles)  previously  has  been 
shown  to  produce  maximum  heart  rate  and  blood  pressure 
responses.25  Note  that  following  the  increases  in  MRAP. 
the  amplitude  of  each  response  was  further  decreased 
(Fig.  1 ).  The  average  maximum  increase  in  R-R  interval  of 

45.4  ±3.0  msec  (n  =  14)  induced  by  aortic  nerve  stimula¬ 
tion  was  significantlv  reduced  (P<0.01)to31.6±4.2(n 
=  14)  and  25.4  ±  3.2  ( n  =  7)  following  increases  in 
MRAP  of  5  and  10  mm  Hg,  respectively  (Fig.  2A).  Simi¬ 
larly,  for  the  same  rabbits,  the  average  preinfusion  MAP 
response  of  -30.0  ±  2.3  mm  Hg  was  reduced  to  -17.6  ± 

2.4  ( P  <  0.005)  and  -14.3  ±  1.0  (P  <  0.005),  respec¬ 
tively  (Fig.  2B).  Neither  the  latency  to  onset  (LTO)  nor 
the  latency  to  peak  (LTP)  was  significantly  altered  for 
either  reflex  response  and  both  were  similar  to  those 
previously  described.25  However,  the  initial  slopes  for 
both  responses  (Fig.  2C  and  D)  were  diminished  with  each 
increase  in  atrial  pressure  and  this  change,  in  conjunction 
with  the  lower  maximum  responses,  would  account  for  the 
essentially  unchanged  LTP’s.  The  initial  slope  of  the  heart 
rate  response  decreased  from  9.29  ±  0.88  msec/sec  to 
5.66  ±  0.84  ( P  <  0.01)  and  5.03  ±  0.85  (P  <  0.05). 
Similarly,  the  initial  slope  of  the  control  MAP  response. 
3.68  ±  0.34  mm  Hg/sec,  was  decreased  to  2.14  ±  0.41  (P 
<  0.005)  and  1.25  ±  0.13  (P  <  0.005)  by  increases  in 
MRAP  of  5  and  10  mm  Hg,  respectively. 
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Table  1  Responses  to  Volume  Infusion  in  Rabbits  with  and  without  Vagi  Intact 


R-R 

MAP 

Hct 

Dextran  volume 

Group  condition 

n 

(msec) 

(mm  Hg) 

(%  RBC) 

(ml) 

Vagi  intact 

Control 

AMRAP 

14 

233 

— 

10 

84.5 

±  6.4 

34.9 

0.8 

+  5  mm  Hg 

14 

236 

Ar 

8 

90.0 

±  5.7 

22.3 

± 

0.9 

41.0  ±  2.7 

+ 10  mm  Hg 

7 

233 

± 

6 

84.5 

±  5.2 

16.1 

1.2 

71.0  ±  8.0 

Vagotomized 

Control 

4 

234 

10 

83.9 

±  6.3 

33.5 

0.4 

Vagotomized 

AMRAP 

4 

228 

11 

86.8 

±  8.6 

33.4 

£ 

0.3 

+  5  mm  Hg 

4 

243 

± 

14 

92.0 

±  7.1 

23.9 

£ 

1.2 

42.0  *  2.9 

+ 10  mm  Hg 

4 

234 

± 

11 

91.6 

±  6.6 

19.5 

1.1 

63.8  ±  4.7 

Values  for  mean  artenal  pressure  (MAP).  R-R  interval  length,  and  change  in  mean  right  atrial  pressure  (AMRAP) 
were  obtained  prior  to  stimulation.  Hematocrits  (Hct)  represent  values  immediately  after  stimulation.  All  values  are 
mean  a:  sem;  n  -  number  of  rabbits. 


Reflex  responses  also  were  quantitated  in  seven  rabbits 
prior  to  and  after  MRAP  increases  of  1.0,  2.5,  and  5.0 
mm  Hg,  to  estimate  the  threshold  of  the  volume-loading 
influence.  Average  control  heart  rate  and  MAP,  as  well  as 
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Figure  1  Heart  rate,  mean  arterial  and  pulse  pressure,  and  right 
atrial  pressure  responses  to  left  aortic  nerve  stimulation  in  the 
rabbit,  before  and  during  increases  of  5  and  10  mm  Hg  (dextran 
infusion)  in  mean  right  atria!  pressure  (MRAP),  respectively. 
MRAP  and  occasional  pulse  pressure  checks  were  recorded  during 
the  infusion. 


LTO  and  LTP  responses,  were  not  found  to  be  signifi¬ 
cantly  different  in  these  rabbits  when  compared  to  those 
previously  studied.  Progressive  decreases  in  both  average 
initial  slope  and  peak  change  were  observed  for  both 
reflex  responses  as  MRAP  was  increased  (Fig.  2).  When 
MRAP  was  increased  by  1  mm  Hg  there  were  significant 
changes  ( P  <  0.05)  from  control  averages  in  the  maxi¬ 
mum  MAP  response  (-21.9  ±  2.9  mm  Hg)  and  initial 
slope  (2.82  ±  0.37  mm  Hg/sec).  The  mean  heart  rate 
responses  also  were  reduced  (peak,  40.5  ±5.0  msec; 
initial  slope.  8.16  ±  0.94  msec/sec),  but  these  changes 
were  not  found  to  be  significant.  However,  with  subse¬ 
quent  increases  in  MRAP  of  2.5  and  5.0  mm  Hg,  the  peak 
and  initial  slope  for  both  reflex  responses  were  signifi¬ 
cantly  {P  <  0.05)  reduced.  For  an  increase  in  MRAP  of 

2.5  mm  Hg  the  maximum  heart  rate  change  was  34.0  ± 

3.6  msec  and  the  initial  slope  was  6.63  ±  0.99  msec/sec; 
comparable  values  for  the  MAP  reflex  change  were:  maxi¬ 
mum.  -18.9  ±3.3  mm  Hg,  and  initial  slope,  2.59  ±  0.36 
mm  Hg/sec. 

Acute  volume  loading  alone  resulted  in  significant  he- 
modilution  that  was  estimated  to  average  a  26%  and  a 
43%  increase  in  vascular  fluid  volume  when  MRAP  was 
elevated  to  5  and  10  mm  Hg,  respectively  (Table  1).  To 
determine  whether  hemodilution  was  responsible  for  the 
attenuated  responses,  bleeding  was  performed  in  four  rab¬ 
bits  in  which  the  MRAP  had  first  been  increased  to  10  mm 
Hg.  As  shown  in  Table  2,  although  after  bleeding  the 
hematocrit  still  was  subnormal  (20%)  the  reflex  heart  rate 
and  MAP  responses  returned  to  near  control  values.  To 
eliminate  the  dilution  factor,  whole  blood  from  a  donor 
rabbit  was  infused  into  one  rabbit.  The  infusion  alone  did 
not  alter  resting  heart  rate  or  MAP.  Attenuation  of  the 
peak  and  initial  slope  of  the  reflex  responses  to  LAN 
stimulation  (Fig.  3)  was  similar  to  that  observed  with 
comparable  increases  in  MRAP  during  dextran  infusion 
(Fig.  2).  The  similarity  in  LAN-induced  changes  in  heart 
rate  and  MAP  during  increased  MRAP  with  dextran  or 
blood  infusion  suggests  that  these  responses  are  influenced 
by  the  degree  of  volume  loading  and  not  the  associated 
hemodilution. 

In  the  dog,  acute  volume  loading  with  subsequent  in¬ 
creases  in  atrial  pressure  stimulates  receptors  with  affer- 
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Figure  2  Peak  change  (A)  and  initial  slope  (SI  St)  of  heart  rate  (R-R  interval  increase)  and  mean  arterial  pressure  (MAP)  decrease  in 
response  to  left  aortic  nerve  (LAN)  stimulation  in  the  rabbit,  prior  to  and  during  dextran  infusion-induced  increases  in  mean  right  atrial 
pressure  (MRAP).  Solid  circles  indicate  the  mean  response  values  for  controls;  triangles  indicate  the  mean  response  values  pre-  (solid)  and 
post-  < open )  vagotomy.  Brackets  indicate  1  sem:  figures  in  parentheses  are  the  number  of  rabbits  tested  al  the  respective  level  of  increased 
MRAP  R-R  intervals  are  measured  in  milliseconds  (ms). 


ents  in  the  vagus  nerves.2  Accordingly,  the  reflex  changes 
in  heart  rate  and  MAP  were  examined  after  vagotomy  in 
four  additional  rabbits  before  and  during  increases  in 
MRAP.  As  shown  in  Table  1,  vagotomy  alone  had  little 


Table  2  Assessment  of  HemodUution  on  the 
Cardiovascular  Reflex  Responses  to  Aortic  Nerve 
Stimulation :  Volume  Infusion  followed  by  Bleeding 
in  Four  Rabbits 


Property 

Control 
(MRAP  s 
0-1  mm  Hg) 

Infusion 
(MRAP  s 
+ 10  mm  Hg) 

Bleeding 
(MRAP  s 
0.0  mm  Hg) 

Hct  (%) 

34 .8  £  1 .0 

13.9  +  1.1* 

20.0  £1.3* 

Initial  R-R  (msec) 

239*18 

234  +  14 

226  £10 

Initial  MAP  (mm  Hg) 

84.1*5.4 

86.8  +  3.3 

78.8£3.2* 

LAN  stimulation 

Peak  AR-R  (msec) 

40*7 

33  +  5* 

39  £5 

Peak  AMAP  (mm  Hg) 

28*4 

13  £2* 

28  £5 

MRAP  *  mean  right  atrial  pressure;  LAN  -  left  aortic  nerve;  MAP  =* 
mean  arterial  pressure;  values  are  mean  ±  1  sem. 

*  P  <  0.03  (paired  analysis)  for  values  significantly  different  from 
control . 


effect  on  resting  heart  rate  or  MAP.  In  corroboration  of 
previous  results,27  vagotomy  significantly  (P  <  0.01)  in¬ 
creased  the  LTO  for  the  reflex  bradycardia  from  an  aver¬ 
age  of  3.3  ±  0.6  (0.75  +  0.12  sec)  beats  to  6.3  ±  0.3 
(1.44  ±  0.20  sec),  but  had  little  effect  on  the  LTO  or 
reflex  changes  in  MAP  with  LAN  stimulation.  Vagotomy 
also  reduced  the  magnitude  and  slope  of  the  reflex  heart 
rate  response  (Fig.  2A  and  C).  After  vagotomy,  increases 
in  MRAP  of  5  and  10  mm  Hg  attenuated  the  peak  reflex 
increase  in  R-R  interval  from  33.5  +  4.6  msec  to  20.4  + 
3.5  (P  <  0.05)  and  10.9  ±  2.6  (P  <  0.025),  respectively. 
The  reflex  fall  in  MAP  also  was  attenuated  in  the  vagoto- 
mized  rabbits  at  each  level  of  increased  MRAP  (Fig.  2B) 
from  a  preinfusion  average  of  -32.6  ±  0.9  mm  Hg  to 
-21.2  +  1.7  (P<  0.025)  and  -12.9  ±  1.5  (P  <  0.005), 
respectively.  The  LTO,  LTP,  and  initial  slope  of  the  reflex 
changes  in  MAP  were  not  significantly  different  when 
compared  to  the  respective  values  from  trials  with  the  vagi 
intact.  Thus,  while  the  vagal  efferent  component  of  the 
reflex  bradycardia  was  abolished  by  vagotomy,  the  sym¬ 
pathetic  component  remained  intact.  After  vagotomy  the 
reflex  bradycardia  mediated  by  the  intact  sympathetics,  as 
well  as  the  reflex  fall  in  MAP,  were  attenuated  in  a 


770 


CIRCULATION  RESEARCH 


Vol.  39,  No.  6,  December  1976 


manner  similar  to  that  seen  prior  to  vagotomy.  Therefore, 
since  the  magnitudes  and  initial  slopes  of  the  reflex  re¬ 
sponses  were  affected  similarly  by  volume  loading  in  both 
the  intact  and  vagotomized  rabbits,  cardiopulmonary  re¬ 
ceptors  subserved  by  vagal  afferents  do  not  seem  to  be 
involved  in  the  observed  alterations  of  LAN-invoked  re¬ 
flex  changes  during  intravenous  infusion. 

To  determine  the  possible  contribution  of  intact  arterial 
baroreceptors  to  the  volume-induced  attenuation  of  the 
reflex  responses,  bilateral  aortic  arch  and  carotid  sinus 
denervations  were  performed  in  rabbits  with  intact  vagi. 
Prior  to  total  denervation,  both  aortic  nerves  were  sec¬ 
tioned  in  two  rabbits.  Reflex  responses  to  LAN  stimula¬ 
tion  were  found  not  to  be  altered  either  before  or  after 
volume  loading  (MRAP  =  5 .0  mm  Hg)  when  compared  to 
control  responses.  In  five  rabbits,  responses  to  LAN  stim¬ 
ulation  were  quantitated  prior  to  and  after  total  arterial 
baroreceptor  denervation  (ABD)  and  subsequently  after 
volume  loading  (MRAP  =  5.0  mm  Hg)  of  the  denervated 
rabbits.  Average  control  heart  rate  was  not  significantly 
altered  by  ABD,  even  though  average  resting  MAP  values 
were  increased  by  30  mm  Hg  following  ABD  (Table  3). 
The  LTO’s  and  initial  slopes  were  not  significantly 
changed  following  ABD.  but  the  magnitude  of  the  peak 
and  the  LTP  for  the  MAP  response  were  both  increased 
significantly  (Table  3).  After  ABD,  attenuation  of  the 


MRAP(mmHq)  MRAP(mmHg) 


Figure  3  Peak  change  (A)  and  initial  slope  (A/ A/)  of  heart  rate 
(R-R  interval  increase)  and  mean  arterial  pressure  (MAP)  decrease 
in  response  to  left  aortic  nerve  (LAN)  stimulation  in  one  rabbit, 
prior  to  and  with  increases  in  mean  right  atrial  pressure  (MRAP) 
caused  by  infusion  of  whole  blood.  R-R  intervals  are  measured  in 
milliseconds  (ms). 


Table  3  Heart  Rate  and  Mean  Arterial  Blood  Pressure 
(MAP)  Changes  Due  to  Left  Aortic  Nerve  (LAN) 
Stimulation  before  and  after  Arterial  Baroreceptor 
Denervation  and  following  Venous  Infusion  in  Five  Rabbits 


Arterial  baroreceptor 
denervated 


Condition 

Control 

(MRAP 

0.5  mm  Hg) 

MRAP 

0.5  mm 

Hg 

MRAP 

5.0  mm 

Hg 

Prestimulation 

R-R  interval  (msec) 

221  ±11 

221  ±6 

218±3 

MAP  (mm  Hg) 

94  ±3 

124  ±10* 

123±7* 

Stimulation-reflex  changes 

Heart 

Peak  interval  A  (msec) 

59±  13 

71  ±19 

79  ±  15 

AR-R/At  (msec/sec) 

13.8  ±3.4 

i3.0±4.6 

12.7  ±4.4 

LTP  (interval  no.) 

43±8 

71  ±23 

66  ±21 

MAP 

Peak  A  (mm  Hg) 

37±4 

57  ±6* 

59±6* 

AMAP/At  (mm 

5.4±0.5 

6.7  ±0.8 

7.1  ±0.6 

Hg/sec) 

ALTP  (interval  no.) 

45  ±4 

73  ±  i :  * 

71  ±5* 

MRAP  =  mean  right  atrial  pressure;  LTP  -  latency  to  peak;  values  arc 
mean  or  mean  difference  ±  1  sem. 

'  Significant  ( P  <  0.05)  change  from  control  (paired  analysis). 


reflex  responses  to  LAN  stimulation  by  volume  loading 
was  not  observed.  Three  rabbits  were  bled  after  ABD  and 
volume  loading  in  order  to  return  MRAP  and  MAP  to 
preinfusion  levels.  Subsequently,  the  vagi  were  sectioned 
in  these  rabbits.  Although  MAP  increased  on  the  average 
by  14  mm  Hg  following  vagotomy  and  by  an  additional  19 
mm  Hg  following  infusion  (MRAP  =  5.0  mm  Hg).  no 
significant  change  in  heart  rate  or  MAP  responses  to  LAN 
stimulation  were  observed  when  these  responses  were 
compared  to  those  obtained  prior  to  vagotomy. 

Discussion 

This  study  has  demonstrated  that  acute  volume  loading 
depresses  the  reflex  cardiovascular  responses  to  electrical 
activation  of  the  rabbit  aortic  nerve.  The  mechanism  re¬ 
sponsible  for  this  attenuation  was  highly  sensitive,  since 
identifiable  influences  occurred  after  an  elevation  in 
MRAP  of  only  1 .0  mm  Hg,  or  a  vascular  volume  expan¬ 
sion  of  less  than  10%.  Although  there  was  significant 
hemodilution  when  MRAP  was  elevated  by  acute  volume 
loading  (Table  1),  hemodilution  could  not  explain  the 
attenuated  cardiovascular  responses  to  LAN  stimulation. 
Hemorrhage  after  volume  loading  caused  total  fluid  vol¬ 
ume,  as  well  as  the  responses  to  nerve  stimulation,  to 
equal  preinfusipn  values  even  though  significant  hemodi¬ 
lution  remained  (Table  2).  Furthermore,  an  attenuation  of 
the  reflex  changes  during  LAN  stimulation  was  observed 
during  infusion  of  blood  which  did  not  change  the  hemato¬ 
crit  (Fig.  3). 

Infusion  alone  did  not  elicit  any  significant  change  in 
heart  rate  or  MAP  even  when  MRAP  was  increased  by  10 
mm  Hg.  This  finding  is  contrary  to  results  obtained  for  the 
conscious  dog  which  indicated  that  volume  loading,  suffi¬ 
cient  to  raise  mean  atrial  pressure  to  10  mm  Hg  or  more, 
produced  an  increase  in  both  heart  rate  and  MAP.1,  * 
Horwitz  and  Bishop1  concluded  that  in  the  conscious  dog 
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tachycardia  during  volume  loading  was  due  primarily  to 
reflex  inhibition  of  vagal  efferent  activity.  The  control 
heart  rates  for  rabbits  in  our  present  study  ranged  from 
223  to  300  beats/min;  these  values  are  similar  to  those 
found  for  the  conscious  rabbit18  but  considerably  higher 
than  the  resting  heart  rate  of  the  conscious  dog.1, 2  Since 
vagotomy  did  not  (Table  1 )  result  in  a  sustained  change  in 
heart  rate  above  control  levels  it  is  likely  that  the  tonic 
cardiac  vagal  restraint  is  slight  in  the  rabbit.  Consequently, 
changes  in  heart  rate  during  volume  loading  would  be 
minimal. 

There  is  good  evidence  for  receptors  subserved  by  vagal 
afferents  that  are  responsive  to  volume  or  tension  changes 
in  the  cardiopulmonary  region  and  that  reflexly  alter  car¬ 
diac  sympathetic  activity.7, 12, 13  Additionally,  in  the  dog18 
and  in  the  rabbit17  after  sinoaortic  denervation,  vagal 
block  or  section  results  in  a  rise  in  arterial  pressure.  Clem¬ 
ent  et  al.28  found  in  the  anesthetized  denervated  rabbit  a 
41  %  decrease  in  renal  sympathetic  activity  associated  with 
a  10%  increase  in  blood  volume.  In  the  dog.  vagally 
mediated  cardiopulmonary  receptors  have  been  shown  to 
oppose  the  vasoconstriction  due  to  carotid  sinus  hypoten¬ 
sion  more  effectively  in  the  kidney  than  in  the  hindlimb.29 
Some  interaction  apparently  occurs  in  the  central  nervous 
system  between  the  arterial  baroreceptors  and  the  cardio¬ 
pulmonary  receptors,  since  the  magnitude  of  the  canine 
pressor  response  to  vagal  cold  block  is  altered  by  input 
from  the  carotid  sinus.18  A  recent  study2  using  conscious 
dogs  has  suggested  that  the  normal  arterial  baroreceptor 
restraint  on  heart  rate  is  diminished  during  volume  load¬ 
ing.  since  in  spite  of  a  substantial  increase  in  arterial 
pressure  a  significant  tachycardia  occurred  and  the  heart 
rate  responses  were  unaltered  by  ABD.  Although  this 
study  also  found  the  reflex  baroreceptor-heart  rate  re¬ 
sponse  to  a  pressor  agent  to  be  diminished,  it  did  not 
evaluate  the  sensitivity  of  these  receptors  in  control  of 
systemic  pressure.  These  investigators2  postulated  that  in¬ 
puts  from  the  low  pressure  cardiopulmonary  receptors 
may  modify  the  arterial  baroreceptor  control  of  the  car¬ 
diovascular  system.  Our  results  for  the  anesthetized  rabbit 
do  not  support  this  postulate.  The  inhibitory  influence  of 
volume  loading  on  both  reflex  MAP  and  heart  rate  re¬ 
sponses  to  LAN  stimulation  were  unaltered  by  vagotomy 
(Fig.  2).  Thus,  during  volume  loading,  cardiopulmonary 
receptors  subserved  by  vagal  afferents  did  not  play  a  role 
in  modifying  the  reflex  responses  to  LAN  stimulation.  In 
addition,  although  volume  loading  reduced  the  efferent 
sympathetic  inhibition  due  to  LAN  stimulation,  the  para¬ 
sympathetic  component  of  the  reflex  heart  rate  response 
was  apparently  unaltered.  This  last  conclusion  is  based  on 
the  observation  that  the  peak  change  in  the  initial  slope  of 
the  heart  rate  responses  were  uniformly  reduced  after 
vagotomy  when  comparisons  were  made  at  each  level  of 
MRAP  tested  (Fig.  2A  and  C). 

Following  total  ABD  or  ABD  plus  vagotomy ,  the  reflex 
cardiovascular  responses  to  LAN  stimulation  were  no 
longer  attenuated  by  volume  expansion  (Table  3).  Earlier. 
Kumada  and  Sagawa22  suggested  that  variations  in  blood 
volume  in  the  rabbit  can  be  detected  by  aortic  barorecep¬ 
tors  via  the  small  associated  changes  in  arterial  pressure. 
Since  the  vagally  mediated  cardiopulmonary  receptors 


were  not  found  to  play  an  important  role  in  the  attenua¬ 
tion  of  the  reflex  responses  caused  by  infusion,  two  possi¬ 
ble  mechanisms  were  considered.  The  first  involved  acti¬ 
vation  of  sympathetic  afferents  subserving  cardiopulmo¬ 
nary  receptors8,  *'• 18  and  the  second  activation  of  arterial 
baroreceptor  afferents  from  carotid  sinus  and  aortic  arch 
regions  responsive  to  volume  loading.  By  progressive  bi¬ 
lateral  denervation  it  was  considered  that  the  relative 
contribution  of  each  mechanism  could  be  distinguished. 
When  both  aortic  nerves  were  sectioned  prior  to  carotid 
sinus  baroreceptor  denervation,  no  significant  change  in 
the  attenuation  of  the  reflex  responses  was  detected.  Sub¬ 
sequent  to  total  ABD  or  ABD  plus  vagotomy  the  attenua¬ 
tion  observed  after  infusion  was  eliminated.  Were  sympa¬ 
thetic  afferents  from  cardiopulmonary  receptors  involved, 
some  measurable  attenuation  would  have  been  observed 
following  ABD .  A  rise  in  arterial  blood  pressure  was  seen 
following  vagotomy  and  volume  loading  in  the  rabbits 
after  ABD;  this  indicates  that  vagally  mediated  receptors 
can  modify  blood  pressure  in  the  denervated  animal,  as 
reported  by  others.15"17, 28, 28 

These  results  suggest  that  the  carotid  sinus  barorecep¬ 
tors  detect  subtle  changes  in  arterial  pressure  or  volume 
during  infusion  and  this  results  in  a  diminished  sympa¬ 
thetic  efferent  activity  to  the  effector  organ.  Thus,  as 
previously  demonstrated.30  use  of  the  absence  of  a  change 
in  heart  rate  or  arterial  blood  pressure  as  a  criterion  for  the 
absence  of  a  change  in  carotid  baroreceptor  activity  during 
an  experimental  intervention  may  lead  to  inaccurate  con¬ 
clusions. 
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Effect  of  regional  myocardial  ischemia  on 
cardiac  pump  performance  during  exercise 
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Hoxwrrz,  Lawrence  D.,  D.  Fred  Peterson,  and  Vernon 
S.  Bishop.  Effect  of  regional  myocardial  ischemia  on  cardiac 
pump  performance  during  exercise.  Am.  J.  Physiol.  234(2): 
H157-H162,  1978  or  Am.  J.  Physiol.:  Heart  Circ.  Physiol. 
3(2):  H157-H162, 1978.  —The  effect  of  brief  periods  of  regional 
ischemia  upon  left  ventricular  pump  performance  was  studied 
in  nine  dogs  standing  quietly  at  rest  and  during  running 
exercise  on  a  treadmill.  Transient  occlusions  of  the  left  circum¬ 
flex  coronary  artery  resulted  in  increase  in  heart  rate  at  rest 
(+30  beats/ min)  but  not  during  exercise.  Other  changes  due 
to  occlusion  were  similar  at  rest  and  during  exercise  and 
included  decreases  in  stroke  volume  (-25%  standing,  -23% 
running);  in  dP/di  max,  the  maximum  first  derivative  of  the 
left  ventricular  pressure  (-20%  standing  or  running);  and  in 
left  ventricular  peak  systolic  pressure  (-13%  standing,  -21% 
running);  and  rises  in  left  ventricular  end-diastolic  pressure 
(+4.5  mmHg  standing,  +6.3  mmHg  running).  Cardiac  output 
was  unchanged  by  occlusions  at  rest  but  fell  (-18%)  during 
occlusions  while  the  dogs  were  running.  Propranolol  reduced 
absolute  levels  of  cardiac  performance  during  exercise  occlu¬ 
sions  but  had  no  effect  at  rest.  Inotropic  agents  with  ischemia 
had  some  effects  at  rest  but  did  not  alter  exercise  hemodynam¬ 
ics.  It  is  concluded  that  integrated  left  ventricular  function 
during  ischemia  is  not  impaired  by  exercise,  probably  because 
of  beta-adrenergic  stimulation  of  nonischemic  myocardium. 

coronary  occlusion;  cardiac  output;  propranolol;  ouabain;  man¬ 
nitol 


regional  myocardial  uchxmia  reduces  the  ability  of 
the  left  ventricle  to  pump  blood  (2,  4,  6).  Because 
contractile  function  of  the  ischemic  portion  is  impaired, 
the  rate  of  pressure  development  and  the  ejection  frac¬ 
tion  of  the  ventricle  are  reduced  (2,  10).  Consequently, 
stroke  volume  falls  and  maintenance  of  cardiac  output 
at  normal  levels  is  dependent  upon  an  increase  in  heart 
rate  (13). 

It  is  a  reasonable  assumption  that  local  myocardial 
oxygen  demand  is  a  major  factor  influencing  the  extent 
to  which  regional  ischemia  disturbs  cardiac  pump  per¬ 
formance  Accordingly,  the  substantial  increase  in  my¬ 
ocardial  oxygen  consumption  with  strenuous  physical 
activity  might  be  expected  to  exacerbate  the  deleterious 
affects  of  ischemia.  Of  interest  in  this  regard  is  a  report 
that  in  global  ischemia  of  the  entire  left  ventricle  due 
to  stenosis  of  the  left  main  coronary  artery,  exercise 
caused  severe  deterioration  in  the  rate  of  left  ventricu- 


shortening  of  left  ventricular  diameter  (14).  However, 
when  only  a  portion  of  the  ventricle  is  ischemic,  the 
responses  could  differ  both  qualitatively  and  quantita¬ 
tively  because  of  the  presence  of  some  normally  perfused 
left  ventricular  myocardium  and,  possibly,  berause  of 
more  effective  collateral  flow  channels  to  the  region  in 
which  the  normal  vascular  supply  is  damaged  (11).  A 
related  question  is  whether  a  drug  that  reduces  myocar¬ 
dial  oxygen  consumption,  such  as  a  beta-adrenergic 
blocking  agent,  might  be  expected  to  exert  a  salutary 
effect  upon  cardiac  pump  function  during  regional  is¬ 
chemia  either  with  rest  or  exercise. 

However,  in  the  face  of  myocardial  regional  perfusion 
abnormalities,  beta-adrenergic  blocking  agents  could 
be  harmful  Bince  the  normal  sympathetic-mediated  aug¬ 
mentation  in  contractile  force  generation  and  pump 
performance  which  accompanies  exercise  (7,  8)  would 
be  blocked.  On  the  other  hand,  it  is  not  known  whether 
an  independent  increase  in  contractile  function  due  to 
pharmacological  agents  would  be  beneficial  in  counter¬ 
acting  ischemic  impairment  of  stroke  volume  either  at 
rest  or  during  exercise. 

The  purpose  of  this  study  was  to  evaluate  the  disturb¬ 
ance  in  integrated  pump  performance  of  the  left  ventri¬ 
cle  due  to  transient  occlusion  of  the  left  circumflex 
coronary  artery  in  conscious  dogs  at  rest  and  while 
running  on  a  treadmill.  In  addition,  the  extent  to  which 
responses  to  ischemia  were  modified  by  beta-adrenergic 
blockade  with  propranolol  and  two  agents  that  augment 
myocardial  contractile  force— ouabain  and  hypertonic 
mannitol  (D— was  assessed  under  both  resting  and 
exercise  conditions. 

METHODS 

Nine  mongrel  dogs,  weighing  14.5-27.3  kg,  were 
trained  to  run  on  a  level  treadmill.  After  the  training 
period,  each  dog  underwent  a  sterile  thoracotomy  under 
•odium  pentobarbital  anesthesia.  A  solid-state  pressure 
transducer  (KonigBberg  P18)  was  implanted  within  the 
left  ventricle,  an  electromagnetic  flow  probe  was  placed 
around  the  proximal  portion  of  the  ascending  aorta, 
and  18-gauge  polyvinyl  catheters  were  inserted  into  the 
left  atrial  appendage,  the  left  jugular  vein,  and  via  the 
left  internal  mammary  artery,  into  the  aorta  (7).  The 
left  circumflex  coronary  artery  was  isolated  near  its 
origin,  and  a  polyvinyl  occlusive  device  (2)  was  placed 
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around  the  vessel.  Care  was  taken  to  avoid  damage  to 
the  nerve  supply  of  the  artery.  The  electrical  leads, 
catheters,  and  digt.nl  end  of  the  occlusive  device  were 
exteriorized  at  the  back  of  the  neck.  Three  weeks  were 
allowed  for  recovery  from  surgery  and  retraining.  At 
the  time  of  study,  each  dog  could  exercise  at  levels 
attained  prior  to  surgery. 

Aortic  flow  was  measured  with  a  Zepeda  square-wave 
electromagnetic  flowmeter.  The  flow  probes  were  cali¬ 
brated  in  vitro  before  implantation  and  rechecked  after 
the  animals  were  sacrificed;  the  two  calibrations  always 
agreed  within  5%.  Flow  in  late  diastole  was  assumed  to 
be  zero.  Stroke  volume  was  obtained  by  integration  of 
the  flow  signal,  with  an  active  circuit,  during  each 
ejection  period.  The  frequency  response  of  the  flowmeter 
was  limited  only  by  the  response  of  the  recorder  which 
was  flat  to  80  Hz. 

The  solid-state  pressure  transducers  were  precali¬ 
brated.  Sensitivity  was  stable  during  the  period  of 
implantation.  Small  amounts  of  day-to-day  zero  drift 
were  corrected  by  setting  the  left  ventricular  end-dia¬ 
stolic  pressure  equal  to  the  mean  left  atrial  pressure  at 
the  beginning  of  each  study  while  the  dogs  were  at  rest 
(9).  The  natural  frequency  of  the  solid-state  transducers 
has  been  reported  to  be  in  excess  of  3,000  Hz  (9).  The 
first  differential  of  the  left  ventricular  pressure  (dP/dZ) 
was  obtained  with  an  active  circuit  which  was  linear  to 
70  Hz.  Mean  aortic  pressure  was  measured  via  the 
implanted  catheter  with  a  Statham  P23  Db  manometer. 
All  signals  were  inscribed  on  a  Beckman  RM  oscillo¬ 
graph  and  an  Ampex  FR  1300  magnetic  tape  recorder. 

The  occlusive  device  on  the  left  circumflex  coronary' 
artery  was  inflated  by  injection  of  saline.  Collapse  of 
the  vessel  and  discoloration  of  tissue  distal  to  the 
occlusion  were  observed  when  the  device  was  tested  at 
surgery.  After  experiments  were  completed,  all  hearts 
were  carefully  inspected  when  the  animals  were  sacri¬ 
ficed,  and  no  evidence  of  tissue  damage  was  noted  in 
the  region  distal  to  the  occluder. 

Resting  measurements  were  obtained  with  the  dog 
standing  quietly  on  the  treadmill.  After  control  data 
were  measured,  the  left  circumflex  coronary  artery  was 
occluded  for  50  s  and  then  released.  Five  minutes  later, 
by  which  time  hemodynamics  had  returned  to  the 
initial  resting  levels,  the  treadmill  was  started  with 
the  dog  running  at  a  speed  between  6  and  8  mph.  The 
speed  was  preselected  as  one  which  the  particular  dog 
could  accomplish  consistently,  yet  appeared  to  require 
strenuous  effort.  Three  minutes  after  running  began, 
the  left  circumflex  coronary  artery  was  again  occluded 
for  50  s.  In  each  case  the  dog  continued  to  run  at  the 
same  speed  during  occlusion.  The  occluder  was  then 
released,  and  the  treadmill  was  gradually  slowed  and 
then  stopped.  After  one  or  two  "control”  studies  had 
been  obtained  without  drug  intervention  in  all  nine 
dogs,  on  later  experimental  days  seven  dogs  were  stud¬ 
ied  15  min  after  administration  of  propranolol  (1.0  mg / 
kg  iv).  The  exercise  level  and  duration  were  the  same 
as  in  the  control  study.  On  separate  days,  five  dogs 
received  ouabain  (0.025-0.030  mg/kg  iv)  and  were  re¬ 
studied  15  min  later.  As  a  third  intervention,  3-4  days 


later,  five  dogB  received  mannitol,  as  a  25%  solution,  at 
a  dosage  of  1.25  mg/kg  iv,  administered  over  approxi¬ 
mately  12  min  and  were  studied  immediately  thereaf¬ 
ter.  Arterial  blood  samples  were  drawn  for  determina¬ 
tion  of  serum  osmolality  prior  to  the  rest  occlusion. 
Osmolalities  were  measured  by  freezing-point  determi¬ 
nation  with  an  Advanced  Instruments  osmometer. 

Preliminary  data  established  that  a  steady  state  was 
present  between  2  and  4  min  of  running  8-8  mph 
without  occlusion  and  between  40  and  70  s  after  occlu¬ 
sion  at  rest  or  during  exercise;  during  these  periods, 
heart  rate,  stroke  volume,  peak  systolic  pressure,  and 
dP/dt  max  varied  by  less  than  5%  at  end-expiration 
and  showed  no  discernible  trend  toward  change.  The 
dosage  of  propranolol  used  abolished  the  hemodynamic 
effects  of  isoproterenol,  5  jxg/min  iv,  between  15  and  45 
min  after  the  propranolol  was  given.  Data  were  ob¬ 
tained  for  analysis  immediately  prior  to  the  onset  of 
occlusions  and  during  the  last  few  seconds  of  each 
occlusion.  The  results  of  eight  consecutive  beats  were 
averaged  to  reduce  the  effects  of  respiratory  variation 
or  atypical  beats  (7,  8).  Statistical  analyses  were  per¬ 
formed  by  the  paired  t-test,  using  each  animal  as  its 
own  control,  and  by  an  analysis  of  variance  for  compar¬ 
ison  of  results  with  drugs  versus  control  studies. 

BXSULTS 

Effect  of  Occlusion  at  Rest  and  During  Exercise 

Hie  results  of  acute  occlusion  of  the  left  circumflex 
coronary  artery  in  nine  dogs  are  shown  in  Table  1.  A 
typical  record  is  shown  in  Fig.  1.  At  rest,  occlusion 
resulted  in  statistically  significant  increases  in  heart 
rate  (+30  beats/min)  and  left  ventricular  end-diastolic 
pressure  (+4.5  mmHg).  Decreases  occurred  in  stroke 
volume  (-8.2  ml),  peak  systolic  left  ventricular  pres¬ 
sure  (-18  mmHg),  and  the  maximum  first  derivative 
of  the  left  ventricular  pressure,  dP/df  max,  (-664 
mmHg/s).  Mean  aortic  pressure  fell  in  four  of  the  six 
dogs  in  which  it  was  measured  (-11  mmHg),  but  this 
change  was  not  statistically  significant.  Cardiac  output 
and  systemic  vascular  resistance  did  not  change  signif¬ 
icantly,  nor  were  there  any  consistent  trends  in  these 
parameters. 

Without  occlusion,  as  described  previously  (7),  exer¬ 
cise  was  associated  with  substantial  increases  in  heart 
rate,  left  ventricular  systolic  pressure,  dPldt  max,  and 
left  ventricular  end-diastolic  pressure  (Table  1  and  Fig. 
1).  Coronary  occlusion  during  exercise  caused  a  signifi¬ 
cant  rise  in  left  ventricular  end-diastolic  pressure  (+6.3 
mmHg)  and  decreases  in  stroke  volume  (-7.7  ml),  peak 
systolic  left  ventricular  pressure  (-29  mmHg),  and  dP/ 
dt  max  (-920  mmHg/s).  In  contrast  with  resting  occlu¬ 
sion  results,  there  was  no  significant  change  in  heart 
rate  but  a  significant  fall  in  cardiac  output  (-1,220  ml/ 
min).  Mean  aortic  pressure  fell  (-18  mmHg),  but  sys¬ 
temic  vascular  resistance  was  not  altered.  Thus,  the 
mqjor  difference  between  the  effects  of  occlusion  at  rest 
and  during  exercise  was  that  in  the  presence  of  similar 
foils  in  stroke  volume,  cardiac  output  was  maintained 
at  rest  through  an  increase  in  heart  rate;  but  during 
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table  1.  Effect  of  coronary  occlusion  at  rest  and  during  exercise  in  nine  dogs 
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no  1.  Portion*  of  a  alow-apmd  recording  in  an  experiment 
without  administration  of  drug*.  High-speed  record*  were  used  to 
reed  left  ventricular  end-diastolic  pressure  from  magnified  left 
ventricular  pressure  (LVEDP)  and  to  check  other  parameter*.  SV, 
stroke  volume  or  integral  o (  phasic  aortic  flow  curve,  which  is 
shown  without  units;  HR,  heart  rate;  LVP,  unmagnifled  left  ventric¬ 
ular  pressure;  dP/dt,  first  derivative  of  left  ventricular  pressure. 
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Effect  of  Drugs 

Beta-adrenergic  blockade.  Propranolol,  given  to 
seven  dogs,  decreased  dP/df  max  by  594  mmHg  and 


increased  left  ventricular  end-diastolic  pressure  by  3.6 
mmHg  at  rest.  During  occlusions  at  rest,  there  were  no 
significant  differences  from  results  without  drugs  in 
the  same  dogs  (Table  2). 

Propranolol  altered  the  responses  to  exercise.  The 
average  increment  in  heart  rate  was  reduced  by  33 
beats/min.  Likewise,  the  increase  in  cardiac  output 
was  1.68  liters/min  less  and  in  dP/df  max  was  772 
mmHg/s  less  than  control.  Left  ventricular  end-diastolic 
pressure  rose  +3.2  mmHg  more  with  propranolol  (Table 
2). 

The  magnitude  of  the  changes  due  to  occlusion  during 
exercise  after  propranolol  were  similar  to  those  that 
occurred  at  rest  after  propranolol.  However,  the  abso¬ 
lute  levels  of  heart  rate,  cardiac  output,  dP/df  max, 
and  systolic  pressure  were  significantly  reduced  during 
exercise  with  propranolol,  whereas  end-diastolic  pres¬ 
sure  was  elevated  (Table  2). 

Ouabain.  Results  with  ouabain  in  five  dogs  are  shown 
in  Table  3.  At  rest  prior  to  occlusion,  ouabain  increased 
dP/d?  max  by  511  mmHg/s  and  left  ventricular  systolic 
pressure  by  10.8  mmHg.  During  occlusions  at  rest,  the 
fall  in  dP/dt  max  was  less  by  451  mmHg/s  and  systolic 
pressure  was  less  by  9.4  mmHg,  when  compared  to 
results  without  drugs  in  the  same  dogs.  During  exer¬ 
cise,  ouabain  slowed  heart  rate  by  32  beats/min  prior  to 
occlusion  but  had  no  other  effects  either  before  or 
during  ischemia.  On  analysis  of  the  magnitudes  of  the 
changes  due  to  occlusion,  no  significant  differences 
were  noted  between  results  with  ouabain  pretreatment 
and  results  without  drugs. 

Mannitol.  Osmolality  rose  by  17  ±  6  (SE)  mosmol  in 
response  to  the  infusions  of  mannitol.  At  rest,  prior  to 
occlusions,  elevations  in  stroke  volume  (+6.2  ml),  car¬ 
diac  output  (+0.73  liter/min),  left  ventricular  end-dia¬ 
stolic  pressure  (+4.8  mmHg),  and  left  ventricular  sys¬ 
tolic  pressure  (+11.8  mmHg)  occurred  (Table  4).  Maxi¬ 
mum  dP/dt  rose  in  four  of  six  dogs,  but  this  change  was 
not  statistically  significant.  During  occlusions  at  rest, 
the  only  significant  change  was  a  higher  left  ventricular 
end -diastolic  pressure  (+10.4  mmHg)  than  that  which 
occurred  during  occlusions  without  drugs  in  the  same 
five  dogs  (Table  4).  During  exercise,  there  were  no 


H160 

table  2.  Effect  of  propranolol  on  response  to  coronary  occlusions 


KORWITZ,  PETERSON,  AND  BISHOP 


■•art  laa.  tawaii  Mmka  Valaaa.  alAaat  CaiAac  HutW  mmz.  aalfii  LVSP.  nH|  LVEDP  aaB| 


ntx 

OCC 

A 

PIE 

OCC 

A 

FBI 

OCC 

A 

m " 

OCC 

A 

PIE 

OCC 

A 

PIE 

OCC 

A 

Bmt 

M 

ltf 

+» 

66.4 

00.6 

-il 

IS 

1.11 

HI.  14 

i.m 

AMI 

m 

in 

1«T 

-11 

If 

7.6 

♦4.1 

PNWkaaU 

m 

ui 

-♦38 

06.6 

*4 

-*» 

Ltt 

to? 

-0.06 

A*77 

AIM 

-416 

in 

m 

-14 

6.0 

10.6 

♦6.6 

p 

NS 

NS 

NS 

NS 

NS 

NS 

N8 

NS 

NS 

<0.06 

N8 

<0.01 

NS 

NS 

NS 

<0.06 

NS 

NS 

N*  drugs 

166 

606 

♦  10 

66.4 

17.0 

-01 

7.06 

1.70 

-1.66 

4.7«l 

6.704 

-.167 

161 

160 

-66 

6.1 

16.1 

♦6.6 

Nipmhl 

166 

171 

♦6 

66.6 

64.6 

-0.0 

6.66 

4.» 

-1.10 

6.070 

6.606 

-604 

160 

106 

-66 

11.7 

17.1 

♦6.4 

P 

<0.01 

<6.01 

NS 

NS 

NS 

NS 

<0.01 

<0.01 

N8 

<0.01 

<0.01 

N8 

<0.06 

<0.01 

NS 

<0.06 

<0.06 

NS 

PU.  aan  aakaa  mnarfiauiy  friar  aa  nrlanmi  OCC, - rahn  kolaf  nriaaiti.  A,  ifcnaa  katawaa  MI  and  OCC  ralaaa.  r  aalaaa  am  Ar  pairad  l-taat  aanparuig  ralnm 

witkaad  vitknaAn*  NAP  *  0.0* 


table  3.  Effect  of  ouabain  on  response  to  coronary  occlusions 
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table  4.  Effect  of  mannitol  on  response  to  coronary  occlusion 
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statistically  significant  changes  due  to  mannitol  either 
prior  to  or  during  occlusions  (Table  4). 

DISCUSSION 

Our  results  demonstrated  that  brief  occlusion  of  the 
left  circumflex  coronary  artery  resulted  in  changes  that 
were  remarkably  similar,  whether  a  dog  was  standing 
quietly  or  running  on  a  treadmill.  These  included 
decreases  in  dP/di  max  (-20%  standing  or  running), 
stroke  volume  (-26%  standing,  -23%  running),  and 
left  ventricular  systolic  pressure  (-13%  standing,  -21% 


running),  and  a  rise  in  left  ventricular  end-diastolic 
pressure  (+4.4  mmHg  standing,  +6.3  mmHg  running). 
The  exception  was  a  greater  degree  of  tachycardia 
when  animals  were  at  rest.  These  results  were  some¬ 
what  unexpected  in  view  of  the  considerably  higher 
myocardial  oxygen  consumption  known  to  occur  during 
exercise.  There  are  at  least  two  possible  explanations 
for  such  surprisingly  good  ventricular  function  in  the 
face  of  ischemia  during  exercise.  Increased  flow  due  to 
vasodilation  in  collateral  vascular  pathways  during 
exercise  may  prevent  impairment  of  the  ratio  of  myocar¬ 
dial  oxygen  supply  to  demand  in  the  region  normally 
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served  by  the  occluded  artery  (11).  Another  iMesibility 
is  that  the  higher  levels  of  generalized  sympathetic 
activity  associated  with  exercise  sufficiently  enhance 
function  in  normally  perfused  regions  to  offset  impaired 
function  in  the  ischemic  region. 

There  is  some  disparity  between  our  results  in  the 
studies  with  occlusion  of  the  left  circumflex  coronary 
artery  and  the  results  of  Vatner  et  al.  (14),  in  which 
stenosis  without  occlusion  of  the  main  left  coronary 
produced  only  slight  decrements  in  left  ventricular 
performance  at  rest  but  profound  deterioration  during 
exercise.  Distal  vasodilation  can  often  maintain  flow 
through  a  stenotic  coronary  artery  at  nearly  normal 
levels  under  resting  conditions  (5),  but  when  myocardial 
oxygen  demands  increase  with  exercise,  flow  through 
the  stenosis  may  not  increase  further.  In  contrast,  total 
occlusion  of  any  coronary  artery  is  likely  to  result  in  a 
region  of  distal  ischemia  at  rest  (2-4,  6,  10),  as  well  as 
during  exercise.  Since  obstruction  of  the  main  left 
coronary  may  cause  global  ischemia  of  the  left  ventricle, 
whereas  distal  occlusions  permit  normal  perfusion  in 
some  portions  of  the  ventricle,  the  extent  to  which 
ischemia-induced  decrements  in  integrated  left  ventric¬ 
ular  performance  can  be  exacerbated  by  exercise  stress 
may  depend  upon  the  percentage  of  the  left  ventricle 
that  is  not  ischemic.  In  addition,  the  possibility  that 
collateral  flow  can  increase  during  exercise  in  regional 
ischemia  cannot  be  excluded. 

The  major  difference  in  hemodynamics  between  the 
effects  of  regional  myocardial  ischemia  at  rest  and 
during  running  was  in  heart  rate.  Although  stroke 
volume  fell  in  both  settings,  cardiac  output  was  main¬ 
tained  at  preocclusion  levels  at  rest  as  a  result  of  the 
heart  rate  increase.  During  exercise  occlusions,  cardiac 
output  fell  because  heart  rate  did  not  increase  signifi¬ 
cantly.  A  previous  study  has  concluded  that  tachycardia 
due  to  temporary  left  circumflex  coronary  artery  occlu¬ 
sion  in  the  resting,  conscious  dog  is  reflex  in  origin 
(13).  This  reflex  is  initiated  by  receptors  near  the  heart, 
involves  both  vagal  and  sympathetic  efferent  pathways, 
and  is  modulated  by  arterial  baroreceptor  activity  (13). 
During  exercise,  sympathetic  tone  is  high  and  vagal 
tone  is  substantially  reduced  (7,  8).  These  changes  may 
be  so  marked  that  the  capability  of  the  reflex  mecha¬ 
nism  to  induce  further  sympathetic  stimulation  or  vagal 
withdrawal  via  the  efferent  pathways  is  limited.  Alter¬ 
natively,  as  appears  to  be  the  case  with  baroreceptor 
reflex  control  of  heart  rate  (12),  the  sensitivity  of  the 
reflex  decreases,  either  through  diminished  receptor 
sensitivity  or  central  nervous  system  changes. 

In  the  dosage  used  in  this  study,  propranolol  effec¬ 
tively  competes  with  endogenous  catecholamines  for 
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those  seen  without  propranolol,  it  is  likely  that  propran¬ 
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ameliorative  effect  of  catecholamines  on  the  nonis¬ 
chemic  myocardium  overcomes  the  deleterious  effects 
of  increased  myocardial  oxygen  demand  in  the  ischemic 
region. 

Ouabain  increased  the  rate  of  force  development  at 
rest  prior  to  occlusion.  The  rate  of  force  development 
and  peak  systolic  pressure  were  higher  during  resting 
occlusion  than  those  that  occurred  without  drugs,  al¬ 
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Ouabain  did  not  alter  dP/df  max  during  exercise  either 
before  or  during  ischemia.  The  lack  of  effect  of  ouabain 
during  exercise  may  mean  that  stimulation  by  catechol¬ 
amines  increased  myocardial  contractile  force  in  nor¬ 
mally  perfused  regions  to  such  high  levels  that  inotropic 
agents  can  add  little  additional  benefit. 

Mannitol  also  increased  dP/df  max  prior  to  occlusion 
as  has  been  reported  previously  (1).  However,  mannitol 
has  no  effect  on  dP/df  max  during  rest  occlusions  or 
during  exercise  states.  Mannitol  increased  left  ventric¬ 
ular  end-diastolic  pressure  during  ischemia  at  rest. 
Whether  this  reflects  increased  stiffness  of  the  left 
ventricle  or  enhanced  venous  return  due  to  expansion 
of  blood  volume  or  other  factors  cannot  be  determined 
from  our  data. 
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Peterson,  D.  Fred,  Vernon  S.  Bishop,  and  Howard  H. 
Erickson.  Anti-G  suit  effect  on  cardiovascular  dynamic 
changes  due  to  +G:  stress.  J.  Appl.  Physiol.:  Respirat.  Envi¬ 
ron.  Exercise  Physiol.  43(5V.  765-769,  1977.  -  Lightly  anesthe¬ 
tized  dogs  underwent  1-min  exposure  to  +G,  acceleration 
without  and  with  a  bladder-type  anti-G  suit.  Prior  chronic 
instrumentation  permitted  thorough  evaluation  of  cardiac 
dynamics.  During  +3  G,  acceleration  all  recorded  dynamic 
variables  were  lowered  and  transient  tachycardia  occurred. 
After  acceleration  ceased,  all  pressures  and  dP/dt  exceeded 
control  levels.  Inflation  of  the  anti-G  suit  during  +3  G, 
eliminated  the  dramatic  effects  observed  during  and  after 
acceleration  stress.  During  +6  G,  with  the  anti-G  suit  in¬ 
flated,  arterial  pressure  and  dP/d/  were  maintained  whereas 
left  ventricular  end-diastolic  pressure  and  total  peripheral 
resistance  were  much  elevated  and  heart  rate  was  lower.  At 
the  onset  of  G  stress,  internal  diameter  of  the  heart  always 
fell  transiently.  Otherwise,  diameter  was  not  significantly 
affected  by  any  of  the  experimental  conditions.  The  results 
suggest  that  the  anti-G  suit  maintains  perfusion  pressure  at 
high  sustained  G;  however,  with  the  anti-G  suit  inflated  at 
+6  Gz,  central  venous  pressure  is  dramatically  elevated  and 
heart  rate  depressed.  Thus,  beneficial  effects  which  provide 
tolerance  to  high  G  are  accompanied  by  potentially  detrimen¬ 
tal  effects. 

centrifugation;  acceleration  stress;  dogs 


Lambert  and  wood  (10)  confirmed  that  the  limiting 
factor  in  +GZ  stress  tolerance  in  humans  was  blackout 
and  unconsciousness  due  to  compromised  perfusion 
pressure  to  the  central  nervous  system.  Tolerance  can 
be  extended  by  performance  of  an  M-l  (straining)  ma¬ 
neuver  (16)  and  even  further  extended  by  wearing  an 
anti-G  suit  (5,  7). 

Since  the  primary  concern  during  +GZ  acceleration 
has  been  that  pilots  could  adequately  operate  an  air¬ 
craft,  little  in-depth  evaluation  of  cardiovascular  effects 
have  been  investigated  until  very  recently.  In  conscious 
man,  studies  had  determined  that  heart  rate  usually 
rose  and  blood  pressure  fell  (12).  Lightly  anesthetized 
dogs  exhibit  the  same  responses  (3,  8,  13).  ECG  abnor¬ 
malities  occurred  but  did  not  persist  long  after  cessation 
of  acceleration  (12,  14,  15).  Similar  findings  have  been 
observed  in  experimental  animals  (3, 4),  but  in  addition, 
pathological  changes  have  been  observed  to  occur  in 
the  myocardium  of  miniature  swine  (6). 


Chronic  instrumentation  has  made  possible  much 
more  sophisticated  evaluation  of  cardiovascular  re¬ 
sponses  in  experimental  animals  (3,  8,  13).  During  +GZ 
acceleration  of  2  G  or  greater,  cardiovascular  function 
is  depressed,  and  the  severity  of  depression  is  directly 
related  to  the  magnitude  of  acceleration  (13).  Addition¬ 
ally,  the  immediate  postacceleration  period  is  charac¬ 
terized  by  elevated  arterial  pressure,  left  ventricular 
end-diastolic  pressure,  and  peripheral  resistance;  and 
these  changes  persist  for  several  minutes. 

Although  subjective  tolerance  to  acceleration  stress 
is  improved  by  wearing  an  anti-G  sail,  the  nature  and 
magnitude  of  changes  in  many  cardiovascular  variables 
is  not  known. 

The  present  study  was  designed  to  determine  the 
degree  and  nature  of  cardiovascular  protection  provided 
by  an  abdominal  bladder-type  anti-G  suit  during  and 
after  +GZ  acceleration.  Additionally,  since  recent  stud¬ 
ies  have  demonstrated  subendocardial  damage  associ¬ 
ated  with  acceleration  stress,  changes  in  left  ventricular 
internal  diameter  were  investigated. 

METHODS 

Sixteen  mongrel  dogs  (10-20  kg)  were  anesthetized 
with  halothane  and  chronically  instrumented  under 
sterile  surgical  conditions.  A  left  thoracotomy  through 
the  fifth  intercostal  space  exposed  the  heart  and  great 
vessels.  The  pericardium  was  opened,  and  through  a 
stab  incision,  a  solid-state  pressure  transducer  (model 
P18,  Konigsberg  Instruments)  was  placed  on  the  endo¬ 
cardial  surface  of  the  left  ventricle  in  eight  dogs  to 
measure  left  ventricular  pressure.  An  electromagnetic 
flow  probe  (Zepeda  Instruments)  was  placed  around  the 
ascending  aorta  to  measure  cardiac  output  in  six  of 
these  dogs,  and  an  18-gauge  polyvinyl  catheter  was 
placed  in  the  left  atrium  to  measure  pressure.  In  10 
dogs,  two  sonomicrometer  transducers  were  implanted 
across  the  greatest  transverse  diameter  of  the  left 
ventricular  chamber,  using  techniques  previously  de¬ 
scribed  (1,  2).  ECG  electrodes  were  sutured  inside  the 
chest.  Lead  wires  for  the  implanted  instrumentation 
were  exteriorized  at  the  back  of  the  neck.  Two  weeks  or 
longer  were  allowed  for  recovery.  During  this  time,  the 
health  of  each  animal  was  monitored  daily. 

Prior  to  experimentation,  animals  were  anesthetized 
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with  alpha-chloralose  to  a  light  plane  of  surgical  anes¬ 
thesia.  A  precalibrated,  solid-state  pressure  catheter 
(no.  5F,  model  PC-350,  Millar  Instruments)  was  then 
passed  retrograde  via  the  femoral  artery  into  the  left 
ventricle  to  calibrate  the  left  ventricular  pressure  trans¬ 
ducer  already  in  place.  After  calibration,  the  catheter 
was  withdrawn  to  lie  in  the  root  of  the  aorta.  Each  dog 
was  restrained  on  its  back  (+GX)  in  a  fiberglass  animal 
couch  which  was  bolted  to  the  animal  end  of  the 
USAFSAM  centrifuge.  (The  length  of  the  arm  for  ani¬ 
mal  experiments  is  4  m.)  The  dogs  were  positioned  to 
receive  +GZ  inertial  forces  as  the  centrifuge  rotated, 
and  an  abdominal  bladder-type  anti-G  suit  was  placed 
beneath  each  animal’s  back  but  not  attached.  Once  the 
animal  was  properly  positioned,  a  15-  to  30-min  pretest 
period  was  allowed  to  establish  resting  levels  of  re¬ 
corded  variables.  Experiments  were  begun  about  1  h 
after  initial  administration  of  anesthesia.  At  this  time, 
slight  spontaneous  body  movements  were  often  ob¬ 
served. 

Each  animal  was  initially  exposed  to  a  gravitoinertial 
force  of  +2  Gz  for  1  min.  After  the  animal  had  recovered 
from  this  trial,  the  anti-G  suit  was  attached  around  the 
abdomen,  and  the  animal  was  exposed  to  +2  and  +3  Gz 
acceleration  without  inflation  of  the  suit.  Finally,  the 
anti-G  suit  was  set  to  activate  automatically  at  2.2  G  so 
that  pressure  within  the  suit  increased  at  1.5  lb/in.-’  G. 
Although  the  surface  of  the  body  influenced  by  the  suit 
was  limited  to  the  abdomen,  previous  studies  in  humans 
have  indicated  that  75%  of  the  relaxed  increase  in  Gz 
tolerance  is  accomplished  with  such  a  suit  (5,  17). 
Trials  of  +3  and  +6  Gz  were  then  carried  out.  A  5-  to 
15-min  recovery  was  allowed  after  each  trial  before 
starting  another  trial.  Onset  to  peak  G  was  considered 
rapid  (1.0  G/s),  and  peak  acceleration  was  always  main¬ 
tained  for  1  min. 

Responses  were  recorded  on  a  Mark  200  Brush  strip- 
chart  recorder  and  simultaneously  on  a  model  4742 
Sangamo  magnetic  tape  recorder  for  later  analysis  on 
an  Electronics  Associates  680  analog  computer. 

Total  peripheral  resistance  (TPR)  was  calculated  by 
the  computer  as  mean  aortic  root  pressure  (AP)  minus 
left  ventricular  end-diastolic  (LVEDP)  divided  by  mean 
aortic  flow  (AF),  that  is 


AP(Torr)  -  LVEDP(Torr) 
AF(ml/min) 

In  some  cases,  calibration  of  mean  aortic  flow  was 
not  possible  for  technical  reasons;  hence,  our  results 
are  all  expressed  in  percent  changes  in  total  peripheral 
resistance.  This  permitted  us  to  include  results  in  which 
mean  flow  values  were  not  expressed  in  absolute  units. 
A  paired  f-test  was  used  to  determine  whether  or  not 
differences  between  trials  were  significant. 

RESULTS 

Responses  to  +  GZ  acceleration  in  a  single  animal  are 
illustrated  in  Fig.  1.  Without  the  anti-G  suit,  changes 
were  similar  to  those  previously  reported  (13).  Qualita¬ 
tively,  responses  to  +2  and  +3  Gz  were  the  same  al¬ 
though,  as  previously  reported  (13),  the  magnitude  of 
change  was  greater  due  to  +3  Gz.  Inflation  of  the  anti-G 
suit  during  +3  Gz  eliminated  the  depressed  responses 
and,  rather,  tended  to  elevate  most  variables  slightly. 
During  +6  Gz  acceleration,  changes  were  less  consist¬ 
ent.  Pressures  were  usually  elevated  whereas  cardiac 
function  was  depressed,  as  reflected  by  dP/dt,  heart 
rate,  and  left  ventricular  diameters.  Placement  of  the 
uninflated  anti-G  suit  around  the  abdomen  did  not  af¬ 
fect  the  responses  to  +2  Gz  acceleration. 

Arterial  pressure.  During  +3  Gz  acceleration,  aver¬ 
age  mean  aortic  arch  pressure  fell  rapidly  and  then 
gradually  recovered  toward  control  (Fig.  2;  Table  1).  In 
the  postacceleration  period,  a  dramatic  increase  in  blood 
pressure  was  observed  which  did  not  return  to  50%  of 
control  until  3.2  ±  0.6  min  after  acceleration  ceased. 
During  both  +3  and  +6  Gz  acceleration,  with  the  anti-G 
suit  inflated,  average  mean  arterial  pressure  remained 
above  control  after  a  small  initial  fall  in  mean  pressure. 
Upon  termination  of  +  3  Gz  with  the  suit,  aortic  pressure 
fell  slightly  below  control  then  recovered  rapidly.  After 
+6  Gz,  an  elevation  in  pressure  was  observed  which 
recovered  slowly,  much  as  in  the  unprotected  trials 
(Table  1;  Fig.  2).  In  every  instance,  peak  left  ventricular 
systolic  pressure  underwent  the  same  qualitative 
changes  as  aortic  arch  pressure  (Fig.  1). 

Heart  rate.  Heart  rate  rose  from  99  to  179  beats/min 


ric.  1.  Effects  of  +G,  acceleration 
with  and  without  an  anti-G  suit.  Re¬ 
sponses  to  +3  G,  without  anti-G  suit 
are  illustrated  in  panel  A  Responses 
with  suit  inflating  at  2.2  G  are  illus¬ 
trated  in  panel  B  ( +  3  G,i  and  panel  C 
( +6  Gj).  In  each  panel,  top  trace  repre¬ 
sents  the  G  profile;  LVP  =  left  ventric¬ 
ular  pressure;  LVEDP  =  left  ventricu¬ 
lar  end-diastolic  pressure;  dP/dr  =  first 
derivative  of  LVP;  LVID  =  left  ventric¬ 
ular  internal  diameter.  Bottom  trace  is 
time  in  seconds. 
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fig.  2.  Average  responses  of  8  dogs  to  acceleration  stress.  After 
onset  of  acceleration,  initial  peak  response  is  shown.  Thereafter, 
average  values  were  determined  every  15  s  from  initial  point  of  peak 
acceleration.  Duration  of  maximum  acceleration  (60  s)  is  indicated 
by  horizontal  bar  at  bottom  of  figure.  Control  values  indicate  point  of 
onset  of  acceleration  and  ordinate  indicates  point  at  which  maximum 
acceleration  was  reached. 


(P  <  0.001)  at  13.4  s  after  onset  of  acceleration.  The  time 
to  onset  and  peak  responses  for  mean  arterial  pressure 
were  ngnificantly  earlier  than  for  heart  rate  (P  <  0.01), 
suggesting  that  the  tachycardia  occurred  in  response  to 
the  fall  in  blood  pressure.  Heart  rate  fell  rapidly  after 
reaching  the  peak  and,  in  six  of  eight  animals,  was 
below  control  during  most  of  the  acceleration  period, 
although  heart  rate  was  usually  erratic  and  there  were 
large  differences  between  animals.  Brief  periods  of  asys¬ 
tole  were  not?  uncommon,  and  two  dogs  experienced 
sustained  tachycardia.  After  acceleration  ceased,  there 
was  no  consistent  heart  rate  pattern.  Responses  ranged 
from  -34  to  +67  beats/min  from  control.  Activation  of 
the  anti-G  suit  during  +3  G,  eliminated  the  erratic 
heart  rate  pattern  observed  in  most  dogs  without  the 
suit.  The  exception  to  this  observation  is  seen  in  Fig.  1, 
in  which  a  brief  period  of  asystole  occurred  toward  the 
end  of  acceleration.  A  transient  rise  in  heart  rate  was 
observed  11.5  s  after  onset  of  +6  G,  acceleration  with  the 
suit,  followed  by  a  progressive  fall  in  heart  rate  to  54 


table  1.  Peak  effects  and  time  to  effects 
during  and  after  +G.  acceleration 


During  G  Poet  C 

Pr*  G  Control  pMk  «ffect  Time  to  peak  Peak  effect  Tl 


Torr 

Torr 

s 

Torr 

min 

AP 

3  G  w/o 

128  £  7 

67  £  13* 

11.5  £  1.5 

168  £  12t 

3.2  £  0.6 

3  G  w 

122  £  9 

98  i  9* 

5.9  £  0.4 

117  £  11 

0.6  £  0.2 

6  G  w 

125  ±9 

100  £  91 

6.1  £  0.7 

153  £  6* 

2.5  £  0.6 

beats !  min 

beats!  min 

. 

beats!  min 

min 

HR 

3  G  w/o 

99  £  8 

179  £  15* 

13.4  ±  1.2 

94  £  9 

1.7  £  0.5 

3  G  w 

112  £  13 

140  £  14 

9.0  £  0.8 

108  £  7 

0.5  £  0  1 

6  G  w 

116  £  12 

143  £  15 

11.5  £  1.5 

126  £  14 

2.1  £  0.6 

Torr 

Torr 

s 

Torr 

mm 

LVEDP 

3G  w/o 

1.4  2:  0.7 

-5.0  £  1.8* 

6.9  £  0.8 

15.0  £  3.3* 

2.4  £  0.4 

3  G  w 

1.0  £  0.8 

6  3  £  1.1* 

6.1  £  0.4 

1.3  £  0.8 

0  5  £  0.1 

6  Gw 

1.9  £  0.8 

20  7  £  2.5* 

7  6  ±  0.3 

4.9  £  10+ 

14  £  0  3 

<* 

s 

S 

mm 

dP/d/ 

3  G  w/o 

100 

58  s  7* 

8.0  £  0.9 

216  £  47t 

1.3  £  0  5 

3  G  w 

100 

82  £  7* 

6.3  £  0.6 

112  £  11 

0.5  £  0.1 

6  G  w 

100 

68  ±  97 

6.2  £  0.7 

191  £  24+ 

0.9  £  0.2 

Values  represent  mean  ±  SE  for  8  dogs;  w/o,  without  inflation  of  the  anti-G  suit;  w. 
with  inflated  suit.  *  P  <  0.001.  +  p  <  0.01.  t  P  <  0.05. 


beats/min  at  60  s.  All  values  during  G  after  15  s  were 
significantly  less  than  control  (P  <  0.001),  Fig.  2. 

Left  ventricular  end-diastolic  pressure  ( LVEDP ). 
Without  the  anti-G  suit,  LVEDP  fell  significantly  (-5.0 
Torr)  but  recovered  before  the  end  of  acceleration.  A 
large  increase  was  observed  after  G  stress  (15.0  Torr), 
and  50%  recovery  to  control  was  not  reached  until  2.4 
min  after  the  end  of  acceleration  (Table  1).  The  anti-G 
suit  profoundly  altered  these  responses.  LVEDP  was 
elevated  throughout  acceleration,  and  the  effect  due  to 
+6  Gz  (20.7  Torr)  was  much  greater  than  that  due  to  +3 
Gz  (6.3  Torr).  After  acceleration  at  +3  Gz  with  the  suit, 
LVEDP  was  50%  recovered  by  30  s.  After  +6  Gz,  LVEDP 
fell  transiently  and  then  rose  significantly  above  control 
(4.9  Torr;  P  <  0.01)  (Fig.  2;  Table  1). 

Time  derivative  of  left  ventricular  pressure.  Without 
the  anti-G  suit,  changes  in  left  ventricular  peak  dP/d/ 
were  also  dramatic.  During  +3  Gz,  dP/df  fell  and,  in  one 
animal,  remained  depressed  (Fig.  2).  Average  maxi¬ 
mum  fall  was  -45%.  In  the  postacceleration  period,  dP/ 
d (  rose  immediately  to  an  average  maximum  increase  of 
116%  above  control  at  15  s  and  then  gradually  returned 
to  control.  Fifty  percent  recovery  to  control  was  com¬ 
plete  at  1.3  min  after  the  end  of  acceleration.  The  anti- 
G  suit  eliminated  dramatic  changes  in  dP/dt  at  +3  Gz. 
After  an  initial  transient  drop,  dP/df  rose  to  about  15% 
above  control;  and  this  proved  to  be  a  significant  eleva¬ 
tion  at  30,  45,  and  60  s  of  +3  Gz.  After  acceleration, 
average  dP/d t  was  not  significantly  elevated. 

During  +6  Gz  with  the  suit,  all  animals  experienced 
an  initial  fall  (-32%;  P  <  0.01),  after  which  no  consist¬ 
ent  changes  could  be  demonstrated  during  G.  After  G, 
dP/dt  rose  to  91%  above  control  (P  <  0.01)  and  recovered 
rapidly  to  50%  of  control  (0.9  min). 

Aortic  flow.  Both  stroke  volume  and  aortic  flow  were 
depressed  under  all  conditions  of  acceleration  stress.  In 
the  cases  of  +3  Gz  without  (-66%)  and  +6  Gz  with  the 
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suit  (-55%),  magnitude  of  mean  flow  depression  was 
greater  than  during  +3  Gz  with  the  suit  inflated 
(-27%).  Flow  remained  depressed  throughout  accelera¬ 
tion  and,  immediately  upon  stopping  the  centrifuge, 
rose  back  toward  control  under  all  three  conditions. 
After  +3  Gz  without  the  suit,  however,  this  recovery 
was  transient.  Flow  was  depressed  again  by  23%  (P  < 
0.01).  On  the  other  hand,  after  +3  and  +6  Gz  with  the 
suit,  no  significant  deviation  from  control  was  demon¬ 
strated. 

Peripheral  resistance.  Calculation  of  peripheral  re¬ 
sistance  at  regular  intervals  was  complicated  by  the 
periods  of  extremely  erratic  cardiac  output  at  low  heart 
rates  as  well  as  the  occasional  periods  of  observed 
asystole.  For  this  reason  peripheral  resistance  was 
sampled  during  periods  of  regular  cardiac  output.  In  all 
cases,  calculated  TPR  was  elevated  during  acceleration. 
During  +3  Gz  with  the  suit,  the  elevation  was  less 
than  in  the  other  cases.  The  maximum  value  was  60% 
above  control.  During  +3  Gz  without  the  suit,  average 
maximum  TPR  was  124%  above  control.  During  +6  Gz 
with  the  suit  inflated,  average  maximum  TPR  was 
217%  above  control.  After  3  G,  without  the  suit,  TPR 
fell  transiently  toward  control,  then  climbed  signifi¬ 
cantly  above  control  (58  ±  21;  P  <  0.05)  at  1  min  after 
acceleration  ceased.  After  +3  Gz  with  the  suit  inflated, 
TPR  returned  rapidly  to  control.  After  +6  Gz  with  the 
suit  inflated,  TPR  returned  gradually  to  control  but  did 
remain  significantly  elevated  at  1  min  post-G  (+37  ± 
15;  P  <  0.05). 

Left  ventricular  internal  diameter.  Immediately  after 
the  onset  of  acceleration,  the  left  ventricular  internal 
diameter  (LVID)  began  to  get  smaller.  During  +3  G, 
without  the  suit,  at  the  time  when  arterial  pressure 
was  lowest  (64  Torr  for  this  group),  systolic  size  of  the 
heart  was  significantly  reduced  by  2.2  mm  (P  <  0.01) 
to  28.3  mm.  In  no  case  did  the  left  ventricle  approach 
collapse.  The  average  diameter  in  diastole  fell  0.8  mm, 
but  the  change  was  not  significant.  As  arterial  pressure 
recovered,  LVID’s  got  larger  and  no  other  significant 
changes  in  left  ventricular  size  were  observed  during  or 
following  +GZ  acceleration.  It  was  suspected  that  the 
magnitude  of  change  in  diameter  size  might  be  related 
to  either  arterial  pressure  or  heart  rate.  Analysis  of 
variance  showed  no  significant  relationship  in  either 
case.  Even  in  animals  whose  arterial  pressure  fell 
dramatically,  diameter  size  was  not  significantly  al¬ 
tered.  In  five  dogs  whose  left  ventricular  systolic  pres¬ 
sure  fell  below  60  Torr  (avg,  49  Torr),  end-systolic 
diameter  fell  by  only  2.4  mm.  In  three  dogs  whose 
heart  rates  rose  50  beats/min  or  more  during  accelera¬ 
tion  (avg,  101  beats/min),  end-systolic  diameter  fell  by 
4.7  mm  to  an  average  of  25.3  mm. 

Both  increases  and  decreases  in  internal  diameter 
were  observed  with  the  suit  activated.  Responses  in 
four  dogs  were  similar  to  those  illustrated  in  Fig.  1.  In 
these  experiments  LVID  got  small  during  unprotected 
acceleration  and  larger  if  the  anti-G  suit  was  inflated. 
In  the  other  six  dogs  no  general  pattern  could  be 
identified.  Thus,  there  were  no  consistent  changes  in 
internal  diameter  during  activation  of  the  anti-G  suit 
which  could  be  demonstrated  statistically. 


DISCUSSION 

Results  of  this  study  demonstrated  that  activation  of 
an  abdominal  bladder-type  anti-G  suit  reversed  the  de¬ 
leterious  cardiovascular  effects  due  to  +3  Gz  stress. 
Elevation  of  aortic  arch  pressure  above  control  suggests 
an  especially  beneficial  effect  in  preventing  blackout 
and  unconsciousness  which  occurs  in  man  at  low  central 
perfusion  pressures.  Most  other  untoward  effects  of  ac¬ 
celeration  were  not  observed  to  occur  at  +3  Gz  with  the 
suit,  except  at  the  onset  of  acceleration.  A  transient  fall 
in  arterial  pressure,  left  ventricular  pressure,  and  dP/dt 
were  observed.  Since  the  suit  was  not  activated  until  2.2 
G  was  reached,  these  changes  were  undoubtedly  due  to 
suddenly  reduced  afterload  associated  with  onset  of  in¬ 
creased  gravitoinertial  forces.  The  slightly  delayed 
tachycardia  indicates  a  baroreflex  response  to  the  pres¬ 
sure  fall.  After  activation  of  the  anti-G  suit,  both  eleva¬ 
tion  of  arterial  pressure  and  left  ventricular  end-dia¬ 
stolic  pressure  might  be  accounted  for  by  a  shift  in 
circulating  body  fluids.  Reduction  of  venous  pooling  in 
the  abdomen  would  increase  venous  return  and  increase 
pulmonary  blood  volume  (9),  whereas  the  anti-G-suit- 
induced  increase  in  total  peripheral  resistance  would 
tend  to  impede  cardiac  output.  The  likelihood  that  left 
ventricular  end-diastolic  pressures  do  mirror  the  filling 
pressure  of  the  left  heart  is  supported  by  the  results  in 
Fig.  1  indicating  that  end-diastolic  heart  size  was  di¬ 
rectly  related  to  LVEDP  in  this  animal.  On  the  other 
hand,  as  previously  reported  (9),  pressure  on  the  abdo¬ 
men  may  displace  the  diaphragm  and  increase  intra- 
thoracic  pressure,  thus  directly  influencing  thoracic 
vascular  pressures.  Near-normal  heart  rate  suggested 
that  neither  direct  stress  nor  indirect  reflex  influences 
were  dramatically  altering  heart  function.  In  the  post-G 
period  all  variables  approached  control  rapidly,  indicat¬ 
ing  lack  of  sustained  adverse  cardiovascular  effects  at 
+3  Gz  with  the  anti-G  suit  inflated.  Thus,  the  prolonged 
elevation  of  arterial  pressure  and  LVEDP  observed  here 
and  previously  (13)  in  the  post-G  period  were  completely 
eliminated. 

At  +6  Gz,  partial  protection  from  adverse  cardiovas¬ 
cular  effects  was  obtained  by  suit  inflation.  Most 
changes  were  intermediate  between  those  observed  at 
+3  Gz  with  and  without  the  suit.  Average  aortic  arch 
pressure  was  maintained  above  control,  and  although  it 
was  not  a  significant  elevation,  this  is  in  marked  con¬ 
trast  to  trials  without  the  anti-G  suit.  In  a  previous 
study,  due  to  poor  recovery  from  +3  or  +4  Gz,  only  4  of 
14  dogs  could  be  tested  at  +5  Gz  without  the  anti-G  suit 
(13).  In  a  similar  study  hypotension,  bradycardia,  and  a 
profound  decrease  in  coronary  blood  flow  were  reported 
during  exposure  to  +5  or  +6  Gz  stress  (8).  Thus,  mainte¬ 
nance  of  perfusion  pressure  to  the  coronary  and  CNS 
vasculature  was  dramatically  improved  by  the  suit  dur¬ 
ing  high  acceleration  stress. 

Although  arterial  pressure  was  maintained,  signifi¬ 
cant  decrements  in  other  cardiovascular  indices  were 
observed.  Heart  rate  was  down,  and  this  could  not  be 
attributed  to  reflex  bradycardia.  Aortic  flow  was  dra¬ 
matically  down,  which  could  perhaps  be  related  to  both 
depressed  he'H  rate  and  limited  circulating  blood  vol- 
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ume.  The  most  consistent  observation  was  the  dramatic 
elevation  in  LVEDP.  This  suggests  that  during  high 
sustained  +GZ  with  an  anti-G  suit,  elevated  intrathora- 
cic  pressures  are  probably  a  necessary  compromise  in 
order  to  maintain  aortic  arch  perfusion  pressure.  On  the 
other  hand,  in  the  post-6-G  period,  the  overshoot 
changes  in  aortic  pressure,  dP/df,  and  LVEDP  were  not 
as  great  nor  did  they  persist  as  long  as  in  the  unpro¬ 
tected  trials  at  +3  Gz. 

Our  results  indicated  that  although  lightly  anesthe¬ 
tized  dogs  did  not  tolerate  +3  G,  acceleration  well  with¬ 
out  the  protection  of  an  anti-G  suit,  changes  in  left 
ventricular  internal  diameter  were  not  as  dramatic  as 
were  changes  in  other  variables.  Numerous  studies 
have  indicated  that  pathological  changes  in  cardiac 
muscle  are  associated  with  high  sustained  acceleration 
stress  (6,  11).  In  the  present  study,  we  considered  the 
possibility  that  the  subendocardial  hemorrhage  re¬ 
ported  by  MacKenzie  et  al.  (11)  might  be  due  to  striking 
of  the  internal  walls  of  the  left  ventricle  during  acceler¬ 
ation.  No  evidence  for  this  possibility  was  obtained. 
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Abstract 


Mongrel  dogs  were  chronically  instrumented  to  measure  left 
circumflex  coronary  flow,  arterial  pressure,  left  atrial  pres¬ 
sure,  ECG,  heart  rate  and  in  some  cases  left  ventricular  pres¬ 
sure  or  cardiac  output.  A  cuff  type  occluder  was  placed  distal 
to  the  coronary  flow  probe.  Total  occlusion  of  the  left  circum¬ 
flex  coronary  artery  for  one  minute  in  unsedated,  resting  dogs 
produced  reactive  hyperemia  with  an  average  replacement/deficit 
ratio  of  2.68/1.  In  10  dogs  sympathetic  influences  were  investi¬ 
gated  by  total,  chronic  cardiac  sympathectomy.  Surgical  section 
of  all  ansae  subclavia  reduced  responses  from  2.76/1  to  1.71/1 
(PC.001).  Left  sympathectomy  alone  had  no  effect  on  the  re¬ 
placement/deficit  ratio  whereas  selective  right  sympathectomy 
reduced  it  from  2.61/1  to  1.67/1.  Pharmacological  blockade  was 
used  to  deterr"*ne  beta-receptor  involvement  in  the  responses. 

In  9  intact  do  j  practolol  (10  mg/kg)  reduced  the  reactive  hyper¬ 
emia  ratio  by  11%  (P  < .05).  Propranolol  (1  mg/kg)  further  re¬ 
duced  this  ratio  by  30%  ( P  < . 001 ) .  Our  results  indicate  that 
sympathetic  beta  influences  work  primarily  through  the  right 
cardiac  sympathetic  nerves.  Also,  the  magnitude  of  the  response 
appears  to  be  due,  in  part,  to  increased  metabolic  activity 
associated  with  myocardial  ^  receptors  as  well  as  vasodilation 
through  jS  ^  receptors. 

KEY  WORDS:  reflex  circumflex  coronary  artery 

propranol ol 
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Numerous  studies  have  indicated  that  coronary  blood  flow 
can  be  influenced  by  both  the  parasympathetic  and  sympathetic 
nervous  systems  (1-6).  Direct  efferent  stimulation  of  the 
vagus  nerve  produces  coronary  vasodilation  independent  of 
chronotropic  or  inotropic  effects  suggesting  the  potential 
for  a  parasympathetic  component  in  the  regulation  of  coronary 
blood  flow  (4).  More  recently,  reflex  vasodilation  via  vagal 
efferents  has  been  demonstrated  to  accompany  injection  of 
veratrum  alkaloids  into  the  coronary  circulation  (7).  Sym¬ 
pathetic  involvement  in  coronary  blood  flow  regulation  is 
more  complex.  Evidence  indicates  that  direct  neural  control 
of  coronary  resistance  is  partially  mediated  through  sympa¬ 
thetic  alpha  receptors  located  in  the  vessel  walls  (3,5). 
However,  vasodilation  is  observed  during  cardiac  sympathetic 
nerve  stimulation.  In  general  this  dilation  has  been  assumed 
to  be  secondary  to  the  increased  metabolic  requirements 
associated  with  the  inotropic  and  chronotropic  responses  to 
myocardi  al  ^/-receptor  stimulation  (6).  Thus,  in  the  intact 
heart,  the  regulation  of  oxygen  delivery  through  changes  in 
coronary  resistance  appears  to  be  dominated  by  changes  in 
local  oxygen  requirements.  However,  there  is  some  evidence 
for  an  intrinsic  adrenergic  vasodilator  mechanism  (2).  Further¬ 
more,  in  the  cat,  stimulation  of  coronary  sC  fibers  has  been 
shown  to  decrease  coronary  resistance  independent  of  changes 
in  the  chronotropic  or  inotropic  state  of  the  myocardium  (8). 
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Brief  occlusion  of  a  coronary  artery  results  in  a  re¬ 
active  hyperemia  response  in  which  the  flow  far  exceeds  the 
apparent  deficit  resulting  during  the  period  of  occlusion. 

This  response  has  been  linked  to  both  myogenic  relaxation  of 
the  vessels  (9)  and  to  the  myocardial  metabolic  requirements 
(1,10,11).  Whether  or  not  the  nervous  system  is  involved  in 
coronary  reactive  hyperemia  has  not  been  determined. 

In  the  present  study,  we  have  investigated  the  involve¬ 
ment  of  the  cardiac  sympathetic  neural  reflexes  in  modulating 
the  magnitude  of  the  coronary  reactive  hyperemia  in  the 
conscious  dog.  The  magnitude  of  the  hyperemia  was  determined 
following  one  minute  occlusion  of  the  left  circumflex  coronary 
artery.  Control  responses  were  compared  to  those  after  both 
partial  and  total  cardiac  sympathectomy  as  well  as  after 
selective  beta  adrenergic  blockade  and  after  atropine. 

Methods 

Chronic  Surgery. 

Twenty-six  mongrel  dogs  weighing  between  10-25  kg  were 
chronically  instrumented  using  sterile  surgical  techniques 
under  halothane  (Fluothane,  Ayerst)  anesthesia.  A  left  thora¬ 
cotomy  was  performed  through  the  fifth  intercostal  space  ex¬ 
posing  the  heart  and  great  vessels.  The  pericardium  was  opened 
and  a  longitudinal  incision  made  in  the  connective  tissue  over 
the  left  circumflex  artery  just  beyond  its  origin.  A  6-10  mm 
length  was  lifted  away  from  surrounding  tissue  and  a  balloon 
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type  polyethylene  catheter  cuff,  similar  to  that  previously 
reported  (12)  was  placed  around  the  vessel.  The  catheter 
was  then  sutured  to  the  wall  of  the  ventricle,  thus,  immobil¬ 
izing  it.  A  saline  filled  syringe  was  used  to  verify  occlusion. 
Both  the  volume  and  pressure  required  for  occlusion  were 
determined.  An  electromagnetic  flow  probe  (Zepeda)  was  placed 
around  the  left  circumflex  coronary  artery  proximal  to  the 
occluder  in  all  dogs  for  measurement  of  coronary  flow.  During 
implantation  of  the  occluder  and  flow  probe,  special  care  was 
taken  to  avoid  damage  to  cardiac  nerves.  This  was  accomplished 
by  instrumenting  only  those  dogs  in  which  the  circumflex  artery 
was  located  superficially  and  could  be  lifted  away  from  under¬ 
lying  tissue  with  minimal  tissue  trauma.  Undoubtedly,  some 
damage  was  done  to  innervation  of  this  segment  of  the  artery, 
however,  the  main  nerve  trunk  was  carefully  avoided. 

An  18-gauge  polyvinyl  catheter  was  placed  in  the  left 
atrial  appendage  for  measurement  of  pressure  or  infusion  of 
drugs.  A  second  catheter  was  placed  directly  into  the  aortic 
arch  at  the  time  of  thoracotomy  or  into  a  carotid  artery  through 
a  cervical  incision  several  days  later.  During  the  initial 
surgery  a  loop  of  surgical  suture  (Tevdek)  was  placed  around 
the  left  ansae  subclavia  as  they  emerged  from  the  stellate 
ganglion,  thus  encircling  the  left  cardiac  sympathetic  nerves  (13). 
In  8  dogs  an  electromagnetic  flow  probe  was  placed  around  the 
ascending  aorta  and  in  16  a  solid  state  pressure  transducer 
placed  in  the  left  ventricle  via  a  stab  incision  in  the 
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myocardium.  All  catheters,  leads,  thread,  and  the  occlusive 
device  were  exteriorized  at  the  back  of  the  neck.  Approximately 
two  weeks  were  allowed  for  recovery  and,  at  the  time  coronary 
occlusions  were  performed,  body  temperature  and  ECG  were 
normal  . 

Experimental  Protocol. 

ECG,  blood  pressure,  heart  rate,  left  ventricular  pressure, 
aortic  flow  and  left  circumflex  coronary  flow  were  recorded 
simultaneously  on  a  Beckman  Type  R  Dynograph  and  Ampex  tape 
recorder  using  appropriate  transducers,  couplers,  and  amplifiers. 
Coronary  occlusions  were  performed  by  inflating  the  coronary 
cuff  with  saline  and  occlusions  were  maintained  for  one  minute. 

In  our  experiments,  one  minute  occlusions  of  the  left  circum¬ 
flex  coronary  artery  only  rarely  produced  e xtrasys to  1 i c  beats. 

Unless  otherwise  indicated,  experiments  were  performed 
while  each  dog  was  conscious,  lying  on  its  right  side  unre¬ 
strained.  After  control  values  had  been  obtained,  responses  to 
selective  cardiac  sympathectomy  were  studied.  Sterile  surgery 
was  performed  a  second  time  in  order  to  denervate  the  right 
cardiac  sympathetic  innervation.  In  3  dogs,  only  the  left  ansae 
subclavia  were  sectioned.  In  11  dogs,  both  right  and  left  were 
sectioned.  However,  in  5  of  these  dogs  £he  left  side  remained 
intact  until  responses  could  be  studied  after  selective  right- 
side  section.  In'  all  cases  the  dogs  were  anesthetized  prior  . 
to  pulling  the  thread  which  encircled  the  left  ansae  subclavia. 
Post  morteum  examination  verified  that  all  branches  emerging 
from  the  stellate  ganglia  were  severed  on  both  the  right  and 
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left  sides.  On  each  experimental  dog,  three  responses  were  ob¬ 
tained  at  5-10  minute  intervals.  The  average  of  each  three 
responses  was  considered  the  mean  response  for  that  series 
and  represented  a  single  response  for  statistical  purposes. 

Control  responses  as  well  as  responses  after  practolol 
(10  mg/kg),  propranolol  (1  mg/kg)  and  atropine  (0.1  mg/kg)  were 
obtained  in  dogs  which  had  not  undergone  any  surgical  denerva¬ 
tion.  Responses  after  pharmacological  blockade  were  also 
observed  in  dogs  which  had  undergone  selective  nerve  section. 

In  every  case  20-30  minutes  elapsed  between  the  last  pre-drug 
occlusion  and  the  first  post-drug  occlusion.  Three  responses 
were  always  averaged  under  each  experimental  condition. 

Flow  debt  and  reactive  hyperemia  flow  were  obtained  by 
measuring  the  area  under  the  mean  flow  curve  with  a  polar 
planimeter.  Percentage  repayment  of  flow  debt  was  obtained 
by  the  method  of  Coffman  and  Gregg  (14).  Systolic  and  diastolic 
stroke  coronary  flow  was  obtained  by  replaying  taped  responses 
at  a  high  recording  speed.  Systolic  flow  was  obtained  by 
measuring  the  area  under  the  coronary  flow  curve  during  aortic  flow 
and  diastolic  flow  was  measured  during  the  remainder  of  the  cardiac 
cycle. 

Venous  blood  samples  were  analyzed  for  dopamine  /  -hydroxy¬ 
lase  (DBH)  in  3  dogs  by  the  method  of  Nagatsu  and  Undenfriend 
(15).  Samples  were  taken  prior  to  onset  of  coronary  occlusion 
and  again  immediately  prior  to  release.  In  2  dogs,  the  same 
sampling  procedure  was  used  after  administration  of  propranolol. 


The  student  t-test  for  paired  observations  was  employed 
to  determine  significant  differences  in  responses  obtained  on 
the  same  day.  Values  obtained  on  different  days  were  compared 
by  analysis  of  variance. 

Res  ul  ts 

Cardiovascular  changes  during  one  minute  occlusion  of  the 
left  circumflex  coronary  artery  were  not  significantly  differ¬ 
ent  from  those  already  reported  (16,17,18,19).  Average  peak 
responses  of  all  26  animals  studied  include:  heart  rate 
(+26  +  3  b/min),  arterial  pressure  (-6  +  1  mmHg),  left  atrial 
pressure  (+4.5  +_  0.6  mmHg),  left  ventricular  dp/dt  (-350  +  54 
mmHg/sec),  cardiac  output  (-320  +  55  ml/min),  and  stroke  volume 
(-7.3  +  0. 7  ml/b). 

Typical  left  circumflex  coronary  flow  changes  associated 
with  one  minute  occlusion  of  the  artery  are  demonstrated  in 
Figure  1A.  Average  replacement/deficit  ratios  for  the  26  dogs 
studied  was  2.63/1.  A  comparison  of  systolic  and  diastolic 
left  circumflex  coronary  flow  was  made  between  control  conditions 
and  the  peak  of  the  reactive  hyperemia.  At  rest,  systolic  flow 
was  21.5%  of  total  flow.  At  the  peak  of  reactive  hyperemia, 
systolic  flow  was  still  21.5%  of  total  flow.  Thus,  there  was 
no  change  in  the  relationship  between  systolic  and  diastolic 
peak  flow  following  one  minute  of  coronary  occlusion  (Fig.  2). 

Surgical  Cardiac  Sympathectomy. 

Total  cardiac  sympathectomy  was  performed  in  11  dogs  in 
order  to  determine  a  possible  role  of  the  cardiac  sympathetic 
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nerves  in  mediating  coronary  reactive  hyperemia.  Sympathectomy 
did  not  significantly  change  resting  circumflex  coronary  flow. 
However,  these  dogs  did  demonstrate  much  reduced  reactive 
hyperemia  when  compared  with  control  trials.  The  averaged 
control  responses  for  this  group  was  2.61/1,  replacement  to 
deficit,  whereas  after  sympathectomy  the  response  was  reduced 
to  1.67/1  (Figs.  IB,  3).  The  arterial  pressure  response  was 
not  significantly  different  after  sympathectomy  but  the  heart 
rate  change  during  occlusion  was  significantly  less  after 
denervation  (  +  30.2  b/min,  before;  +9.7  b/min,  after:  P < .001 ) . 

Three  dogs  underwent  selective  left  sympathectomy.  This 
procedure  did  not  consistently  alter  reactive  hyperemia  and 
changes  which  did  occur  were  small.  The  average  replacement 
to  deficit  ratios  were:  2.38/1  before;  2.30/1  after  section 
(Fig.  3). 

The  right  cardiac  sympathetic  nerves  were  selectively 
sectioned  in  5  dogs.  In  this  group,  the  right  ansae  subclavia 
were  looped  and  the  incision  closed.  Prior  to  recovery  from 
anesthesia  both  pre-  and  post  right  sympathectomy  occlusions 
were  performed  in  the  closed-chest  dog.  Responses  were  sub¬ 
stantially  less  after  nerve  section  in  4  of  the  5  dogs  (average 
of  all  5:  1.93/1  before;  1.48/1  after).  The  change  approached 

but  did  not  meet  the  criterion  for  significance  at  P<.05 
which  was  not  surprising  since  the  anesthetic  apparently  had 
depressed  the  control  response.  After  recovery  from  surgery, 
reactive  hyperemia  in  this  group  of  dogs  was  significantly 
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less  than  the  presurgery  control  (2.25/1  before;  1.38/1  after) 
(Fig.  3).  As  in  the  totally  sympathectomi zed  group,  the  heart 
rate  change  during  occlusion  was  significantly  less  after 
right  sympathectomy  (23.0  vs  13.4  b/min,  P <  .01).  Subsequent 
left  sympathectomy  in  this  group  had  no  significant  effect 
on  the  response  (1.59/1).  Thus,  it  appears  that  the  right 
cardiac  sympathetic  nerves  have  a  direct  role  in  regulation 
of  coronary  reactive  hyperemia. 

Pharmacological  Blockade. 

The  role  played  by  specific  cardiac  receptors  was  investi¬ 
gated  pharmacologically.  First,  beta  adrenergic  blockade  was 
accomplished  with  propranolol  in  22  dogs.  Reactive  hyperemia 
was  reduced  to  1.81/1  (replacement/deficit)  which  was  sig¬ 
nificantly  less  than  control  (2.71,  Pc  .001)  (Fiq.  4,  Table  1). 
As  previously  reported  (17)  there  were  no  significant  changes 
in  inotropic  indices  during  coronary  occlusion  which  could 
account  for  the  difference  between  pre-  and  post-propranolol 
responses.  Additionally,  since  the  fall  in  arterial  pressure 
during  occlusion  was  similar  in  both  cases  (control  -7  mmHg, 
po s t -prop ra no  1  ol  -9  mmHg),  the  difference  in  afterload  was  not 
a  factor. 

Propranolol  and  cardiac  sympathectomy  have  both  been  shown 
to  significantly  reduce  re  flex  heart  rate  changes  due  to  coro- 
nary  occlusion  (T3).  Nevertheless,  in  this  study,  trials 
from  8  dogs  were  found  in  which  pre-  and  post-propranolol 
heart  rate  responses  were  similar  (less  than  6  b/min  difference 
in  peak  response).  These  trials  were  compared  to  determine 


if  differences  in  heart  rate  responses  could  account  for  the 
difference  in  reactive  hyperemia  after  propranolol.  A  sig¬ 
nificant  reduction  in  reactive  hyperomia  was  observed  after 
propranolol  (2.27/1  before,  1.62/1  after,  P  <  .01)  in  these 
selected  occlusions  even  though  there  was  no  significant 
difference  in  the  average  degree  of  tachycardia.  Thus,  heart 
rate  differences  were  not  a  major  factor  in  the  pre-  and  post¬ 
propranolol  reactive  hyperemia  differences. 

The  relative  percent  of  coronary  flow  during  systole  and 
diastole  was  determined  after  propranolol.  At  rest,  systolic 
flow  was  21.2%  of  total  flow.  During  peak  reactive  hyperemia, 
systolic  flow  contributed  24.8%  of  total  flow.  Thus,  beta 
. eceptor  blockade  did  not  alter  the  phase  distribution  of 
circumflex  coronary  arterial  flow. 

Vasodilation  may  potentially  be  affected  by  inotropic 
changes  secondary  to  increased  sympathetic  nerve  activity.  Prac- 
tolol  was  administered  to  9  dogs  to  selectively  block  myocardial 
receptors  and,  consequently,  abolish  any  positive  inotropic 
effect.  After  practolol,  the  average  reactive  hyperemia  was 
attenuated  from  2.68/1  to  2.36/1  (P<.05).  Subsequently ,  pro¬ 
pranolol  was  infused  and  the  reactive  hyperemia  was  further 
attenuated  to  1.66/1  (P<.001).  On  a  second  experimental  day, 
propranolol  was  administered  first  in  6  dogs  causing  a  reduction 
in  reactive  hyperemia  from  3.07/1  to  2.05/1.  Practolol  was  then 
given  and  a  further,  slight  reduction  was  observed  (1.81/1) 

(Fig.  4).  Thus,  although  a  metabolic  vasodilatory  effect  was 
revealed,  the  major  influence  appeared  to  be  via  the  coronary 
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jS 2  receptors. 

Possible  involvement  of  the  parasympathetic  nervous  system 
was  also  investigated.  Atropine  infusion  alone  in  8  dogs  in¬ 
creased  heart  rate  by  82  b/min  and  mean  coronary  blood  flow 
by  45%  ( P  < . 00 1  ) .  The  magnitude  of  reactive  hyperemia  was 
reduced  by  atropine  from  2.36/1  to  1.90/1  ( P  <  .01).  The  subse¬ 
quent  addition  of  practolol  did  not  affect  the  response,  however, 
propranolol  did  significantly  reduce  the  response  further 
(Fig.  5).  Thus,  either  directly  or  indirectly,  parasympathetic 
nerves  also  appear  to  influence  the  magnitude  of  reactive 
hyperemi a  . 

After  administrate.!  of  propranolol  to  those  dogs  which 
had  previously  undergone  selective  left  sympathectomy,  the 
reactive  hyperemia  was  further  reduced  (Fig.  3).  On  the  other 
hand,  after  right  sympathectomy,  neither  practolol  nor  propranolol 
plus  practolol  further  reduced  the  degree  of  the  response  (Fig.  3). 

Circulating  Catecholamines. 

The  possibility  that  circulating  catecholamines  changed 
during  reactive  hyperemia  was  tested  by  taking  blood  samples 
from  the  left  atria  of  3  dogs  both  at  rest  and  during  peak 
reactive  hyperemia.  Results  indicated  that  circulating  dopamine 
/^-hydroxylase  were  not  different  between  resting  and  hyperemia 
samples.  It  has  been  demonstrated  that  dopamine  /’-hydroxylase 
is  released  with  catecho  1  ami  nes  and  it  therefore  indicates  blood 
levels  of  catecholamines  (15,21).  These  results  indicate  that 
circulating  catecholamines  are  not  involved  in  the  hyperemic 
response  following  coronary  occlusion. 
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Discussion 

Our  results  indicate  that  a  significant  component  of  the 
reactive  hyperemia  observed, due  to  one  minute  occlusion  of  the 
left  circumflex  coronary  artery,  can  be  accounted  for  by  re¬ 
flex  vasodilation  through  cardiac  beta  receptors. 

Factors  influencing  reactive  hyperemia  are  indeed  complex. 
Metabolic  factors  have  been  shown  to  play  a  major  role  in  con¬ 
trol  of  flow  through  the  coronary  vasculature  although  the 
exact  mechanisms  are  not  at  all  agreed  upon  (1,22).  Myogenic 
factors  may  also  play  an  important  role  in  the  regulation  of 
hyperemic  flow  (9).  The  nervous  system  has  not  previously  been 
studied  as  a  factor  in  reactive  hyperemia,  even  though  it  has 
been  shown  to  produce  significant  effects  on  coronary  flow  (6). 

In  carefully  controlled  experiments,  direct  efferent 
nerve  stimulation  has  demonstrated  neural  control  of  coronary 
vascular  resistance  independent  of  metabolic  or  myogenic 
factors  (3,4).  Activation  of  the  vagus  has  been  shown  to 
produce  direct  vasodilation  and  a  concomitant  increase  in 
coronary  sinus  PO.,  (4).  Our  results  tend  to  support  this  finding 
in  that  vagal  blockade  with  atropine  did  significantly  reduce 
re active  hyperemia.  However ,  our  findings  do  not  provide  un¬ 
qualified  support  since  atropine  increased  resting  heart  rate 
and  coronary  flow  dramatically  in  the  conscious  dog. 

Direct  efferent  sympathetic  nerve  stimulation  has  produced 
both  vasoconstriction  and  vasodilation.  The  vasodilation  is 
reported  to  have  two  components.  First,  sympathetic  stimulation 


has  been  shown  to  increase  the  metabolic  needs  of  the  myocardium, 
thus  producing  an  autoregul atory  increase  in  flow  (1).  This 
can  be  blocked  by  the  selective  /6  blocking  agent  practolol, 
which  prevents  the  increased  metabolic  requirements  (23).  In 
our  experiments,  reactive  hyperemia  was  less  after  practolol 
suggesting  that  metabolic  activity  of  the  myocardium  was  reduced 
due  to  the  drug.  Secondly,  sympathetic  nerve  stimulation  has 
been  shown  to  produce  coronary  vasodilation  independent  of  a 
change  in  metabolic  requirements  (8,23,24).  These  data  support 
our  findings  in  that  they  demonstrate  the  potential  for  neurally- 
mediated  coronary  vasodilation  independent  of  metabolic  changes. 
Feigl  (3),  has  demonstrated  that  during  direct  left  sympathetic 
nerve  stimulation,  .alpha  vasoconstriction  is  the  dominant  re¬ 
sponse  after  total  beta  blockade.  Unfortunately,  such  a  phenomenon 
could  not  be  investigated  in  our  study  due  to  complicating  alter¬ 
ations  in  arterial  pressure  after  alpha  blockade  in  the  conscious 
dog. 

One  minute  coronary  occlusion  in  the  conscious  dog  has  been 
demonstrated  to  have  dramatic  effects  on  cardiac  performance 
(16,17).  This  was  true  both  before  and  after  beta  receptor 
blockade  or  cardiac  sympa  corny.  In  each  case,  inotropic  re¬ 
sponses  to  coronary  occlusion  were  not  significantly  different 
from  each  other  (17).  Similar  results  were  observed  in  the 
present  experiments.  This  suggests  that  coronary  occlusion  did 
not  produce  reflex  changes  in  the  inotrop'.  state  of  the  heart, 
thus,  altered  metabolic  demands  could  not  account  for  the  large 
component  of  the  reactive  hyperemia  blocked  by  propranolol  or 


cardiac  sympathectomy  in  our  experiments.  Direct  right  stellate 
ganglion  stimulation  after  practolol  has  been  shown  to  increase 
coronary  blood  flow  without  changing  myocardial  oxygen  consumption 
(24).  Thus,  an  increase  in  selective  sympatheti c  neural 
activity  associated  with  the  reactive  hyperemia  could  be  a  true 
overpayment  leaving  a  reserve  potential  for  oxygen  extraction  by 
the  myocardium. 

Our  results  indicate  that  the  efferent  pathway  for  the  re¬ 
flex  beta  vasodilator  effect  lies  primarily  in  the  right  sympa¬ 
thetic  nerves.  Left  cardiac  sympathectomy,  either  before  or 
after  right  side  section,  has  no  apparent  affect  on  reactive 
hyperemia.  Right  cardiac  sympathectomy  or  total  cardiac  sympa¬ 
thectomy  produced  a  large,  significant  reduction  in  reactive 
hyperemia.  Such  specificity  of  the  pathway  is  not  surprising 
since  the  efferent  limb  of  sympathetic  mediated  heart  rate 
changes  in  response  to  coronary  occlusion  and  volume  expansion 
have  been  found  primarily  in  the  right  nerves  (18,25).  This 
may  also  explain  why  direct  sympathetic  stimulation  seldom  has 
provided  good  support  for  a  reflex  sympathetic  vasodilator 
effect.  In  most  previous  studies,  the  left  cardiac  sympathetic 
nerves  have  been  stimulated  (1,3,8,26).  The  majority  of  these 
studies  emphasized  an  alpha  vasocons tri ctor  influence  due  to 
left  stellate  stimulation.  Ross  and  Mulder  (27)  showed  an 
interesting  separation  of  effects  between  stimulation  of  the 
right  and  left  cardiac  sympathetic  nerves  before  and  after  pro¬ 
pranolol.  Before  propranolol,  end-diastolic  vascular  re¬ 
sistance  in  the  circumflex  coronary  artery  was  decreased  by 
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stimulation  of  either  left  (-26%)  or  right  (-19%)  cardiac 
sympathetic  nerves.  After  propranolol,  left  sympathetic 
stimulation  increased  vascular  resistance  75%;  whereas,  right 
sympathetic  stimulation  caused  only  a  9%  increase.  Such  re¬ 
sults  suggest  that  alpha  effects  would  be  emphasized  and  beta 
effects  minimized  during  left  cardiac  sympathetic  nerve  stimu¬ 
lation.  Further  support  is  found  in  the  study  by  Nayler  and 
Carson  (24)  in  which  right  stellate  ganglion  stimulation  after 
practolol  caused  coronary  vasodilation  without  a  change  in 
myocardial  O2  consumption.  In  this  same  study  several 
different  ft^  blocking  drugs  were  used  and  in  every  case  sub¬ 
sequent  right  stellate  stimulation  caused  a  reduction  in 
coronary  blood  flow. 

In  our  study,  curculating  catecholamines  did  not  influence 
the  response  to  coronary  occlusion  since  dopamine  beta  hydroxide 
levels  did  not  change.  Lack  of  alterations  in  circulating 
catecholamine  levels  during  acute  coronary  occlusions  has  been 
previously  observed  (28). 

In  our  study,  beta  blockade  did  reduce  mean  coronary  flow 
significantly.  It  can  be  presumed  that  this  reduced  the 
metabolic  requirements  of  the  heart  either  through  a  direct 
effect  on  the  myocardium  or  by  blocking  circulating  catecholamine 
effects.  Cardiac  sympathectomy,  on  the  other  hand,  produced 
no  significant  fall  in  coronary  flow.  In  this  case  both  circu¬ 
lating  catecholamines  and  spontaneous  release  of  norepinephrine 
from  postganglionic  nerves  in  the  heart  may  have  been  signifi¬ 
cant  factors.  Previous  work  has  indicated  that  in  conscious 
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dogs  which  had  undergone  both  beta  blockade  and  cardiac  sym¬ 
pathectomy  on  separate  occasions,  beta  blockade  caused 
measureable  reduction  in  inotropic  indices  whereas  sympathectomy 
did  not  (17).  Thus,  similar  reductions  in  reactive  hyperemia 
due  to  coronary  occlusion  subsequent  to  either  beta  blockade 
or  sympathectomy  in  our  study  indicates  an  active  vaso¬ 
dilator  component  under  neural  control.  This  phenomenon 
appears  to  contribute  to  the  substantial  over  repayment  of 
coronary  blood  flow  during  reactive  hyperemia. 
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Legends 


FIGURE  1  Left  circumflex  coronary  flow  associated  with  one 
minute  occlusion.  The  top  trace  is  pulsatile  flow,  the  bottom 
trace  is  mean  flow.  Resting  mean  flow  is  indicated  by  the 
dashed  line.  Part  A  is  the  response  in  the  control  state; 
part  B  is  after  recovery  from  total  cardiac  sympa thectomy . 

FIGURE  2  Comparison  of  systolic  and  diastolic  components  of 
coronary  flow  (CF)  at  rest  and  during  peak  reactive  hyperemia. 

The  top  trace  is  pulsatile  aortic  flow. 

FIGURE  3  Effects  of  cardiac  sympathectomy  on  over  repayment 
during  coronary  reactive  hyperemia.  Values  represent  percentage 
repayment  above  unity.  C,  control;  T.S.,  total  sympathectomy; 
L.S.,  left  sympathectomy;  R.S.,  right  sympathectomy;  Pp ,  pro¬ 
pranolol  blocked;  Pt,  practolol  blocked;  .001  p  value  compared 
to  preceeding  observation. 

FIGURE  4  Effects  of  blocking  agents  on  reactive  hyperemia. 
Statistical  comparisons  are  made  with  the  preceeding  value.  C, 
control;  Pp,  alter  propranolol;  Pt,  after  practolol. 

FIGURE  5  Effects  of  blocking  agents  on  reactive  hyperemia. 

C,  control;  At,  atropine;  Pt,  practolol;  Pp,  propranolol;  **P<.01 
compared  with  preceeding  value. 
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ABSTRACT 


In  anesthetized  rabbits,  peak  reflex  brcdycardia  (A  HRJ  and 
depression  of  mean  arterial  blood  pressure  (A  MAP'  v.-ere  measured 
during  maximal  central  stimulation  cf  the  left  acrtir  r.erve  (LANS), 
Responses  were  quantified;  (i)  before  and  during  steady,  state  changes 
(+  15  mm  Hg)  in  the  isolated  carotid  intrasinus  pressure  (ISP),  and  (ii) 
with  ISP  excluded  from  the  circulation  and  maintained  at  a  normotensive 
level  (EP  =  ISP  =  MAP)  the  MAP  was  chanced  ▼  2  0  mm  Hg  by  the  infusion 
of  either  nitroglycerin  (NG) ,  lysine  vasopressio.n  (.OH)  or  phenylephrine 
(PE).  Results  indicated  that  within  +  15  mm  Hg  cf  IP,  the  change  in  MAP 
per  mm  Hg  change  in  ISP  was  3,  while  A  MAP  cue  :c  LAN’S  changed  nearly 
double  per  mm  Hg  change  in  ISP.  Following  vagotomy  a  smell  increase 
in  MAP  was  seen,  however,  cardiovascular  -espor.ses  to  chances  in  ISP 
or  LAN’S  were  unaltered.  During  drug  infusion  with  tr.e  carotid  sinuses 
excluded  from  the  circulation  and  TS?  =  FP,  pee-:  _  HP  and  A  MAP  to 
LANS  were  independent  of  the  direction  or  megn.tuo-r  ::*  the  drug  induced 
change  in  MAP.  When  carotid  barorece otors  were  allowed  to  detect  the 
increase  in  MAP,  the  pea<  A  HR  and  A  MAI  responses  :o  LANS  were 
significantly  reduced.  These  results  suggest  a  hirn  -oecree  of  sensi¬ 
tivity  of  the  carotid  sinus  baroreceptors  erou-d  -  ne  an. mat's  normotensive 
region  and  that  activity  from  these  baroreceptors  can  modify  reflex  vascular 
tension  even  in  the  absence  of  significant  change  :r.  re  art  rate  or  arterial 
pressure . 


Index  terms:  taroreflex  change ,  vasoactive  crugs  aortic  nerve  stimulation 


INTRODUCTION 


Many  studies  have  characterized  the  heart  arc  vascular  responses  to 
a  wide  range  of  controlled  pressures  in  the  isolated  carctid  or  aortic  sinus, 
and  defined  the  response  relationship  as  the  sensitivity  of  the  respective 
baroreflex  system  (1,  5,  6,  8,  12,  13,  21,  22).  R'c-ce.o:  studies  have  charac¬ 
terized  low  pressure  cardiopulmonary  mechanc-receptors  (2,  11,  14,  15,  17, 

18,  19,  20,  25,  26)  which,  when  activated ,  may  alter  arterial  baroreceptor 
sensitivity.  Vatner,£t  a_l.  (27)  found  that  the  reflex  heart  rate  response  to 
a  pressure  challenge  was  reduced  during  venous  voi-me  leading  and  suggested 
that  the  set  point  or  gain  of  the  arterial  baroreflex es  w as  altered  as  atrial 
pressure  was  raised.  Indeed  more  recent  studies  2  4),  have  indicated  that 
volume  infusion  may  actually  have  a  direct  effect  :r.  the  arte  rial  baroreflex 
through  subtle  cardiovascular  alterations.  This  v.ss  apparent  when  infusion 
attenuated  reflex  responses  to  left  aortic  nerve  s _  .at.  on  (LAN 3)  were 
abolished  following  carotid  sinus  baroreceptor  cere.— atior.  but  net  vagetomy. 
Additionally,  since  heart  rate  (HR)  and  mean  arterial  press_res  VMAP)  were 
no:  altered  by  infusion,  the  usual  assumption  too:  an  absence  o:  a  change 
in  HR  cr  MAP  is  an  indication  of  a  constant  caret. rl  _  orcreoeptor  input  may 
not  be  valid.  For  this  reason,  it  was  postu.ated  tr.tt  the  carotid  sinus 
baroreceptors  are  able  to  detect  subtle  changes  m  t:ess_re  cr  volume  which 
may  lead  to  altered  reflex  sympathetic  efferent  act.v.ty  v.-.rncut  significantly 
altered  arterial  pressure.  This  may  lead  to  changes  .n  carotid  sinus 
buffering  capacity  at  apparently  unchanged  cr  only  sl.ghtly  on  a  need 
blood  pressures. 
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The  purpose  of  this  study  was  to  examine  th.s  postulate  by  determining 
whether  or  not  reflex  HR  and  MAP  responses  to  DADS  are  altered  as  a  re¬ 
sult  of  a  change  m  the  carotid  sinus  buffering  activity.  Responses  were 
quantified  firstduring  controlled  carotid  sinus  pressure  disturbances  within 
a  physiological  range  of  normoter.sive  arterial  pressures.  Then,  vaso¬ 
active  drugs  were  used  to  change  arterial  pressure  during  conditions  in 
which  the  carotid  sinuses  pressure  was  held  constant  and  then  subse¬ 
quently  allowed  to  compensate  for  the  drug  induced  c.ua.n ge  in  systemic 
blood  pressure. 

METHODS 

Twenty-two  rabbits  of  either  sex  (2.7  ^  0.2  were  anesthetized 
with  sodium  pentobarbital  via  an  ear  vein  (Dicbutal.  Diamond  Laboratories, 
Inc.  ,  30  mg/kg  IV).  A  light  level  of  surgical  e.oes:-eeie  was  maintained 
by  supplemental  administration  through  a  cannulate:  femoral  vein.  The 
descending  aorta  (via  femora i  artery)  and  the  non:  ttr.um.  (via  the  jugular 
vein)  were  aiso  cannuiated  and  connected  tc  S:atha~  “ulD'c  and  P22E5 
strain  gauges  for  recording  of  arterial  and  ri~n:  atn:l  olood  pressures, 
respectively.  Heart  rate  was  recorded  vie  sternal  nee  ale  electrodes  con¬ 
nected  to  a  Beckman  9 34 B  cardictachcmeter  couple:,  Blood  pressure  and 
heart  rate  -were  initially  recorded  on  a  3eck.rn.an  .-41.  oeoillograph  with 
parallel  output  signals  to  a  DEC  PD?  3/E  Digital  cc_p  _ier.  The  trachea 
was  cannuiated  via  a  tracheostomy  and  esen  am- a.  ureaihed  spontane¬ 
ously  throughout  the  experiment,  r  requer.t  small  amerel  oloed  samples 
•were  analyzed  for  pC2-  pC02  and  pi-1  on  a  Eec  i~=r.  11  .13  blood  gas 
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analyzer  to  assure  maintenance  of  physiological  levels  for  blood  gases  and 
pH.  Through  a  midventral  incision,  the  left  ar.d  right  aortic  anc  vagus 
nerves  were  located  in  the  cervical  region,  carefully  isoiaced  from  sur¬ 
rounding  tissue  for  about  1  cm,  and  looped  with  a  loose  thread  for  identifi¬ 
cation  prior  to  sectioning. 

Carotid  Sinus  Isolation: 

A  modified  Moissejeff  technique  was  used  to  permit  reversible  isola¬ 
tion  of  a  carotid  sinuses  from  the  systemic  circulation  (21,  22).  3oth  internal 
carotids  were  tied  at  approximately  0.5  cm  from  t'.eir  points  of  origin.  The 
external  carotid  artery  was  carefully  isolated  but  rema.ned  patent.  All  other 
small  vessels  were  ligated.  Following  heparinization  ',-1  rr.g/kc  IV,  150 
units/mg,  Hynson,  Westcott,  Dunning,  Inc.,  Baltimore,  Maryland  21201) 
the  carotid  arteries  were  canr.uiated  beiov  tr.s  sir.-s  v.uth  er.  extracorporeal 
loop.  This  permitted  seif  perfusion  of  tnc  sir. us  cy  the  carotids  cr  rever¬ 
sible  pressure  regulation  of  the  sinuses  via  an  elevated  pressure  bottle 
after  occlusion  cf  the  external  carotid  arteries.  V.nder  all  cor.d.tior.s 
intrasinus  pressure  (ISP)  was  mc.-utoroc  by  a  press -re  transducer  in  the 
extracorporeal  system  near  tns  sinus. 

In  most  animals,  the  sensitivity  cf  tine  carotid  s.r.us  reflex  in  the 
control  of  MAP  was  evaluated  at  15  mm  He  of  the  equilibrium  pressure. 

This  was  done  by  observing  the  reflex  cna.nges  ir.  steady  state  MAP  as 
a  result  of  small  step  changes  m  the  isolated  carttic  sinus  pressure. 

Thus,  when  holding  IS?  constant,  it  was  assu~.ee  that  me  sensitivity  cf  carotid 
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sinus  was  net  altered  during  that  portion  of  the  experimental  protocol. 


Nerve  Stimulation: 

Both  the  right  and  left  aortic  nerves  were  cut  arc  : 
left  placed  on  bipolar  hook  electrodes,  platinum- irr.bi. 
lation  (9,  16).  When  not  being  stimulated,  the  nerve  w= 
soaked  cotton  to  prevent  drying.  Responses  to  left  ac: 
(LANS)  were  observed  both  with  the  carotid  sinuses  .r. 
them  isolated  and  their  pressure  maintained  constant  a 
equilibrium  pressure.  Responses  to  LANS  were  obtains 
ditions  both  before  and  after  vagotomy  and  after  brut  i: 
blood  pressure  (see  belov/) . 

Electrical  stimulation  was  generated- via  a  Grass  5 
by  the  Schmidt  trigger  of  the  computer  whirr,  v.-as  sy-.o: 
wave  of  the  ZCC  (10,23).  Regulation  of  the  stimulus  t. 
meters,  as  well  as  continuous  calculation  of  t.-.e  .  = 
be-at-to-beat  mean  arterial  and  mean  ir.tras. r._s  greet-: 
using  the  computer  and  special  computer  program  sy::e 
eic-ctrical  stimulation  parameters  used  in  an  experir  r. 


the  central  end  of  the 
_m  ,  for  electrical  stimu- 
as  placed  on  saline 
■tic  nerve  stimulation 
the  circulation  and  with 
;  the  predetermined 
:d  under  the  above  con- 
td-cec  alterations  in 

56  stimulator  activated 

.m icg  ar.u  stimulus  pare- 

—  -  —  —  —  •  •  .  ■  —  -  ■  . . . w w .  •' cj  .  cj  n 

•=.  r-t  eooomp.isr.ee 
mt,  Description  of  the 


has  beer,  previously  published  (23).  Briefly,  stimu.at.tr.  vas  carried  out  over 
120  cardiac  cycles,  each  burst  of  electrical  aot.v.iy  made  up  of  ten 

square  wave  impulses  (ten  volts;  inserted  ID  msec  a :::•  r  its  recorded  P.-wave 
of  the  ECG  .  The  impulse  duration  was  0.6  .msec,  tr .  stimulus  frequency  was 
cu  Ho  arc  burst  duration  was  113  msec. 
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Druo  Infusions: 


In  ten  aortic  denervated  animals,  after  obtaining  control  data,  reflex 
cardiovascular  responses  were  studied  following  systemic  infusion  cf  a 
pressor  or  depressor  drug  to  obtain  a  small  (approx.  22  mm.  Kg!  rise  cr  fail 
in  steady  state  MAP.  Drug  infusion  was  initiated  (Harvard' syringe  pump: 
Harvard  Apparatus  Co.  ,  Inc.  ,  Millis,  Mass )  with  the  carotid  sinuses 
isolated  from,  the  system  and  held  at  a  pressure  equal  ;E?)  to  the  control 
mean  arterial  pressure  of  that  animal.  Following  the  steady  state  alteration 
in  systemic  arterial  pressure  induced  by  the  vascsczive  dr. g,  the  LAN  was 
stimulated.  Following  recovery  and  while  drug  infusion  continued  ct  a 
steady  rate,  the  animal  was  allowed  to  perfuse  nis  own  carotid  sinuses 
(carctic  sinuses  were  included  in  the  circulation  )  anc  LAN  stimulation  re¬ 
peated.  -Systemic  arterial  pressure  was  increased  by  intus.cn  c:  phenyle¬ 
phrine  hydrccnlorice  (Win thro?  Laboratories ,  Division  0;  Sterling  Drugs,  Inc. 


New  York,  NY!  or  Lysine  vasopressin  (Sar.dcz  Thermae 
Decreases  in  systemic  arterial  pressure  were  produce: 
nitroglycerin  (Eli  Lilly  &  Co.,  Indianapolis ,  Indiana), 
justec  for  desired  effect  (volumes,  times  arm  amounts 
1).  Ail  values  are  reported  as  a  mean  cr  mean  d.fterer. 
of  the  mean  (5ZM).  Statistical  evaluation  was  mace  by 
student  t-test  for  paired  cr  unpaired  comparisons.  ?  va 
considered  significant. 

RESULTS 


■  or,  NJ) 


_u-rs  sees  were  ac- 
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use  of  me  appropriate 
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responses  to  left  acrtic  nerve  stimulation  (LANS)  ore  summarized  in  Table  2. 
ith  van:  intact,  excluding  the  carotid  sinus  from  the  circulation  at  equili- 


-esscre  increased  the  magnitude  of  the  reflex  bradycardia  due  to  LAN'S 


from  -41  to  -:D  beats/mm.  Removal  of  the  vagi  decreased  the  magnitude 
of  t.ne  reflex  cradycsrdia  ••'••hen  the  carotid  sinuses  were  induced  in  the 
circulation,  but  had  no  significant  effect  when  the  sinuses  were  excluded. 
T.nus,  regardless  of  whether  or  not  the  vagi  are  intact,  the  reflex  HR  response 
•to  LANS  is  enhanced  when  the  carotid  sinuses  are  prevented  from  sensing 
the  reflex  induced  changes  in  MAP.  Excluding  the  carotid  sinuses  from  the 
c.rculaticr.  had  a  small,  significant  effect  or.  the  reflex  fail  in  MAP  due  to 
LANS,  extend. r.c  the  fall  from  -48.2^2.5  mrr.Hc  tc  -:4.7jr2.2  m.mHg  (p  <  0 . 05) . 
With  vagi  cut,  the  small  extension  of  the  refiex  fail  in  MAP  was  not  significant. 


: e " ac  car-tic  smes  eressure  cr  a 


mse  to  lei 


In  ordar  to  evaluate  hc*.v  chances  in  carotic  smus  ores  sure  may  alter  the 


-  tb  .i...  uic.lDii  .  wdS\  w  _ _ _  h: 


arrerra.  crass era  3 r.c 
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s.ncs  v.-3*  a.tsred  m  e;cn:  raccits  T:r.  1  anc  _  .  rrcssure  v/.ir.ir.  :he  sines 
was  altered  in  smai!  steps  between  -  13  mrr.Hc  of  tne  .e  cutlibrium  pressure  for 
eecr.  sr.imal.  V.'itmn  this  range  there  was  a  near  linear  relationship  between 
carot.d  s.r._s  pressure  arc  the  pear,  fall  in  MAP  tc  LAMS.  This  relationship 
v as  not  altered  :r. 'seven  of  the  same  animals  foil :w. no  vagotomy.  Thus, 


r  :r.c-ls  e:..e  steady  state  change  m  carotid  ir.trss mus  cressure  resulted  in 
'c  •'  c  •-  .■  —  ~  -•  “n~  - r  *  —  r  t;*  sc  ^  rssrcnrss  *c  aerne  ns  r/  •? 
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stimulation.  The  extent  of  bradycardia  curing  LANS,  however,  was  unaltered 
during  21  ^  mm  Kg  changes  in  ISP  around  the  ec_il.br.  urn  pressure.  Furthermore, 
while  vagotomy  reduced  the  peak  bradycardia  to  LAMS,  no  relationship  of  peak 
bradycardia  to  ISP  level  was  observed  fellow. nr  vagal  ;  enervation. 


The  effects  of  cressor  and  depressor  agents  so  the  MAI 
LANS  stimulation: 

Lvsme  Vasopressin  (ADH):  With  the  carotid  sm. 
the  circulation,  the  intravenous  infusion  of  ADH  (a  nor. 
was  adjusted  to  increase  the  MAP  by  about  21  rr.m.Hg,  : 
3.6  mmKc)  (Fig.  3A) .  Subsequent  reflex  fail  :r.  MAP  tc 
aortic  nerve  (LANS)  was  not  significantly  changed  'pr; 
and  during  infusion -51.0+4 .1  mrr.Kg  ,  rescect.ve  ly  .  V. 
tamed,  the  carotid  sinuses  were  included  bam;  .r.tc 
Mean  arterial  oressure  then  decree  "eh  tc  I'M  :  -  Mi  m. 
r.ifice.ntly  different  from  the  prem.fusicn  value  Ur..  -  2 
during  drug  ..".fusion  in  the  (I)  condition,  the  retie  •:  MA 


reflex  response  to 

> e s  ex  1  cried  (Ex)  from 
specific  pressor  agent) 
v.  95  .  7-3  .  0  tc  112 . 1- 
stim ulatior.  cf  the 
reus  ion  -5c  .  3*3  .  -5 
:r.  the  infusion  m.cir.- 
ne  systemic  circulation. 


•was  significantly  less  (-31.9  -  3.2  mm  Kg  temperas  tc 
tc  crug  infusion  (-51.2  -  2.7  m.m.Hg  . 


Phenvlecnrine:  A  constant  intravenc-s  .nf.s.tn.  of  so  aryl ephn.ne  (PE;, 
with  the  carotid  sinuses  excluded  from  torn  cirs_ie:.s.t ,  .'.creased  the  MAP 
from  96  -  1.  3  to  11S  +  2 . 6  mm.Kg  (Fig.  3CM  Mn_-:r  tr.ese  conditions  ,  the 
MAP  response  (-33,4  +  6.4  mm.Kg)  to  LAKE  was  s  mm:,  tartly  (p  <  0.05) 
reduced  from  that  zcz-i-r/ed  with  the  carotid  c.r._s-;s  ext._usd  from  the 


ca rend  sinuses  included  in  the  circuiat.cn  and  the  mfusicn  of  PE  maintained 
constant,  MAP  was  reduced  to  108.3  I  3.2  r.r.Hg  ,  a  level  significantly  (p<  0.05) 
greater  the  that  observed  with  the  carotid  sinuses  included  in  tr.e  circulation 
prior  to  tr.e  infusion  of  PE  (96.7  t  1.5  mmHg;.  The  reflex  response  to'  LAMS 
was -30. 4  2  -1 . 3  mm  Kg  which  was  also  significantly  less  than  that  observed 
during  LAMS  prior  to  PE  infusion  with  carotid  s Louses  included  in  the  circulation. 

N itrcglycenn:  Nitroglycerin  (\’TG;  infusion  (Fig.  SB)  with  the  carotid 
sinuses  excluded  from  the  circulation,  reduced  MAP  from  9c.  3  I  1.5  to  62.  9 
_  2.9  mm, He  (P<  0.35).  Including  the  carotid  sinuses  into  the  circulation 
resulted  in  a  significant  (P<  0.05!  increase  m  MAP  tc  92.  i  3  3.0  mrr.Hg. 

However  this  value  was  still  significantly  •?  <  2.05  below  me  preinfusion 
(!'  condition  average  of  99.9  *1.3  mmHg.  Yet,  dur.no  MIG  infusion  tr.e 
MAP  reflex  responses  tc  LAMS  with  cr  •vitrout  me  carotid  sir._ses  ir.  the  cir¬ 
culation  v.ere  r.ot  significantly  different,-;  M  2  I  2.1  a  no-52.  7  2  2.9  mnHg 
re  s  zect;ve]v . 

*  r  ~  ~  -  t  t — ■/  ^  Ml  ^  r  *  o  a  Uu  "  i  • o  \  *  3.  ~  -  c.  vp  ~  ^  —  -  -  r  —  :  ~  -  m  r-  — c  •  —  •  •  c 


pressure ,  vus  cucrn/e  drug  ini-sicn  sr 


to  comes  pc  no  inn  pravanc:  o;r.y  ros census. 


i-o  5  cr  '  V  ~  iO  rX  -  c 


;r.:ra  venous  :n:usions  c:  .-wh 


f e  5 r: erial  pressure  to 


the  above  d  ? sired  level,  resulted  :: 


m  near,  rote  (Pig.  3D) 


*  ~  m  • - 1  t,  *  i  ~  5  i  ^  1  i  »  .t  r 
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tr.e  carotid  s  muses  in  the  circulation*  produced  a  s.gr.ifi:er.:  ip  <0.05)  reflex 
decrease  in  H?.  from  2~2  *  3  to  249  2  26.  With  carc'-.d  s.n_s-:-s  excluded  from 
the  circ_let.cn .  the  reflex  bradycardia  to  LAMS  was  .-.altered.  Hcvever,  cnee 
the  caret. d  sinuses  were  allowed  to  sense  tn.e  elevated  cess.re,  the  reflc-x 
bradycardia  to  LAMS  stimulation  was  reduced  from  -45  2  5  to  -35  2  4  (p  <3.05). 
Vagotomy  reduced  the  reflex  bradycardia  to  LAMS.  However,  qualitatively  the 
chances  observed  after  vagotomy  were  Similar  to  tea:  w..-.  ;ne  vagi  intact. 

The  effects  of  ?E  on  the  resting  HR  'Fig.  3F1  ..'ere  s.m.ilar  to  these  ob¬ 
served  curing  ADH  infusion.  With  carotid  sinuses  excl.tec  5E  infusion 
reduced  the  HR  frorr.  272  2  6  to  260  2  S  b/mm.  When  the  carotid  sinuses 
•were  a  Hewed  to  sense  the  pressure  cnanges  due  tc  51  ir:_sicr.,  tr.e  HR  v;as 
significantly  (p<2.35;  reduced  v.-nen  compared  tc  tr.e  same  experimental 
conditions  prior  to  PE  mruSi on  (from  2  74  2  5  to  24  5  2^  •  ~ eflex  imsc /cardie 
tc  LAMS  was  sign.ficar.tly  (p<C.  35'  red.cec,  from  re  :*=. -.fusion  HI  value, 
during  55  ..-.fusion  only  v:r.er.  the  caret. d  sinuses  wsre  rl.ced  the  cir¬ 
culation  '-54  2  7  to  -45  2  5  b/m  respectively).  e  s  r::  ..ts  contrast  tc 

be: ora  a.-.c  following  inolus.or.  of  the  oarct.d  s.n.us  ir  :m  rc_lat.cn.  Again, 
vagotomy  did  not  alter  the  relative  reiatior.snips  of  t-.s  rts ponses . 

M .tree  1  /on -in:  Mitrociycerm  had  little  effect  cr  the  resting  HR  or  the  reflex 
HP  resoense  tc  LANS  stimulation  wr.etner  or  net  the  carci.c  s.nuses  v.'cre  included 
ir.  tr.e  circulation  (Fig.  3E).  As  noted  previously,  vaocttmy  r-oduoad  the  reflex 
HP.  response  tc  LAMS.  Hov.eve r,  vagotomy  die  net  c.ter  me  c-ar.tativc  asoects 
* ;  *  -  ~ c*’ v.*  y,  r^sccr.u  js  v.*~£r,  cc.T.t^riscr.s  "  5  ,  -•  _  -  r  tr*  nr.  *3  -p  0  ■  1 0  r 
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DISCUSSION 

Results  of  thi-s  study  demonstrate  that  tne  re: 
aortic  nerve  stimulation  (LANS)  are  dependent  upon 
sinus  pressure.  At  intra  sinus  pressures  (IS?.'  I  to  1 
equilibrium  pressure  (EP),  were  ISP  arc  MAP  ere  ec 
in  mean  arterial  pressure  (MAP)  during  LANS  was  ci 
1  to  15  mm  Hg  below  E?  the  responses  to  LANS  v.-sre 
to  responses  during  control  conditions.  Reduction 
to  LANS,  as  seen  during- pressor  drug  infusion,  rec; 
carotid  sinus  baroreceptcr  to  pressures  ir.  excess  o 
EP.  These  results  suggest  that  the  IS?  threshold  p: 
change  m  the  rabbit  is  in  the  normcter.sive  region  v 
rate  chance  is  higher.  Such  findings  ere  consist  an' 
reported  for  the  dog  (1,  4,  6,  21)  and  tr.e  raobit  2h 
observations) . 

When  bilateral  carotid  sinus  cress -re  was  ne 


lex  responses  to  left 
the  steady  state  carotid 


5  mm  h'g  above  the 
ua  1,  the  reflex  fall 
mimshed.  At  IS?  levels 
enhanced  when  compared 
of  reflex  bradycardia 
oired  exposure  of  the 
:  15  mm  He  higher  than 
•assure  for  vascular 
.--..le  mat  for  neart 
:  with  those  previously 
=  r  e_t  H ,  ..-.publisned 

Id  oonston:  and  excluded 


from  the  oircuietion,  the  cardiovascular  res: 


:ses  to  were  ir.cece.oc- 


ent  of  the  MAP  increase  prociucec  by  ccr.sta-.t  in:.: 
(ADH).  When  the  carotid  sinuses  were  allowed  to 


pressure  change,  systemic  arterial  pressure  returne 
level.  Now  reile.x  fall  in  MAP  due  to  LANS  was  sip 
compared  to  the  preinfusicn  cor.trzl  responses.  The 
that  the  rotiex  adjustments  by  tne  carotid  sinus  v.  w 
pressure  during  ADH  Infusion  resulted  in  o  net  re;_ 


. t  .ye tr.e  va scores sm 


e  tne  r.  prooucec 


:-c  almost  to  the  control 


nticantiy  reuucec  '.vnen 
se  results  suggest 
:o  cecrease  arterial 


Jl 


activity;  ever,  though  the  blood  pressure  was  essentially  the  sane  as  the 
preinxusicr.  MAP. 

Dunne  phenylephrine  (PE)  intus ton  with  the  carotid  sinuses  isolated 
at  equilibrium  pressure,  the  average  MAP  rose  sign.: tear.* iy,  however, 
reflex  fall  in  MAP  to  LANS  was  significantly  reduced.  These  results  are 
in  sharp  contrast  to  those  during  ADH -infusion .  ? e- exposing  the  carotid 
sinuses  to  the  systemic  pressure,  during  PE  ir.fusicr. ,  resulted  in  an  ad¬ 
ditional  attenuation  of  the  MAP  response  to  LAMS.  Tnese  results  suggest 
that,  unlike  ADH,  a  nonspecific  vasoconstrictor ,  star. y leporine  produces 
an  increase  in  arterial  pressure  by  competing  with  nr  re  pir.epr.rir.e  for 
alpha  receptors.  Consequently,  when  sympatnetl:  activity  is  refiexiy 
withdrawn  by  LAMS,  the  available  pher.ylepnrine  ccc.p.ee  mere  receptor 
sites  and  the  reflex  fall  in  arterial  pressure  is  Mm.'.: r  .  Tnis  limitation 
is  also  observed  when  the  carotid  sinuses  are  perm. tie:  ::  attempt  a  re¬ 
flex  decrease  in  MAP  during  PE  infus.cn.  Thus.  M.  me  presence  z:  sub¬ 
stantially  reduced  sympathetic  output  to  res  is  tone-,  "ecceis,  further 
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decree  of  attenuation  cf  the  HR  response-  :c  tr.e  press::  agents  when  the 
carotid  sinuses  were  included  in  the  circulation.  Tous,  the  attenuation 
cf  the  HR  response  to  LANS  occurred,  apparently  ss  e  secondary  result 
c:  carotid  sinus  adjust— ents  to  the  pressure  increases  which  reduced 
sympathetic  efferent  activity  (7).  The  psresy.mpe:'.e:ic  component  for 
reflex  heart  rate  change  was  apparently  unaltered.  Th.s  agrees  with  a 
previous  study  in  which  the  attenuation  of  the  HR  response  to  LANS  during 
volume  loading  was  also  found  to  be  dependent  upon  tr.e  sympathetic 
efferent  activity  (24). 

Intravenous  infusion  cf  nitroglycerin  'LTG'  resu.ted  in  a  fall  in  MAP 
when  the  carotid  sinuses  were  excluded  from  tr.e  circulation  both  before 
and  following  vagotomy.  The  reflex  fail  in  HA?  LANS  was  r.ot  signifi¬ 
cantly  altered  during  infusion  when  the  responses  were  compered  tc  pre- 
ir.fusion  values .  Exposure  or  tr.e  carotio  s.n.ses  ::  LTG  induced  hvpc— 
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This  relationship  was  linear  within  the  near  normcter.sive  range  of 
pressures  tested.  From  this  relationship,  one  would  expect  that  when 
pressure  was  lowered  by  infusion  of  a  nonspecific  vasodilator,  such  as 
nitroglycerine,  there  would  be  an  enhancement  of  :ne  vascular  response 
to  LANS.  This  was  net  observed.  This  discrepancy  is  further  surprising  in 
view  of  previous  results  from  our  laboratory  in  which  the  reflex  HR  and  MAP 
responses  to  LANS  were  significantly  increased  after  total  arterial  barore- 
ceptor  denervation  (24).  In  this  earlier  work,  total  arterial  baroreceptor 
denervation  significantly  increased  the  resting  MAP  indicating  a  higher 
initial  sympathetic  efferent  activity.  Important,  however,  is  that  under 
conditions  of  total  arterial  baroreceptor  denervation,  the  carotid  sinuses 
cannot  reflexly  adjust  to  the  falling  MAP  during  LAN'S.  In  this  study,  with 
the  carotid  sinuses  isolated,  with  IS?  held  at  £?,  infusion  of  NTG  resulted 
in  a  relatively  small  decrease  in  MAP.-  It  is  unlikely  tr.er.,  that  this  drop 
in  MAP  when  detected  by  the  intact  carctid  barcrereptcrs  resulted  in  an 
input  to  the  CN’S  equivalent  to  total  carctid  s.r._s  isr.crveticn.  Further¬ 
more,  from,  the  first  part  of  this  study  it  can  ce  ass. mad  that  the  carotid 


taroreiiex  mecnam: 


are  -ocer; 


y  levels 


during  NTG  infusion.  Therefore,  a  possible  explsncsicnp;  the  apparent 
contradiction  cf  the  responses  to  LANS  during  NTG  infusion  to  tr.ose  pre¬ 


dicted  may  be  differences  in  compensatory  mechanism 
pressure  is  lowered  by  vasodilation  versus  wren  is 


tion.  That  is,  m  the  case  of  carotin  sinus  adapts:::', 
rise  m  orcssure,  the  net  effect  is  a  reduct.cn  .r.  ter.p 
tone.  Subsequently,  further  vrithurawol  ucripreral 


s  working  when 
raised  by  vasocenstric- 
:c  a  drug- induced 
-.era!  sympathetic 
sympatr.esio  tone 


i-5 


through  sortie  nerve  stimulation  would  be  less  effective  ss  indicated  by  our 
results.  This  response  would  result  from  a  corr.oir.st.on  of  the  initial  lower 
resting  sympathetic  tone  and  the  buffering  effect  of  tr.e  carotid  sinus  as 
pressure  fells.  However,  when  pressure  is  lov/ereo  by  a  vasodilator  and 
partially  corrected  by  the  carotid  sinuses  eerier,  era.  sympathetic  activity 
is  elevated.  LANS  causes  withdrawal  of  sym.petnet.c  output  but  as  pressure 
falls,  the  decrease  in  carotid  sinus  activity  eppe res  the  sympathetic  with¬ 
drawal  and  tends  to  prevent  an  enhancement  cf  t.ne  effect  predicted  at  a 
reducec  isolated  carotid  sinus  pressure. 

Heart  rate  responses  to  LANS  were  net  alteret  due  tc  N7G  when  re¬ 
sponses  during  infusion  are  compared  to  appropriate  control  responses 
prior  to  infusion,  either  before  or  after  vagotomy.  Tr.e  sc-  results  were 
essentially  expected  when  one  considers  tr.e  resu.ta  of  tr.e  heart  rate 
and  bradycardia  responses  to  LANS  during  tre  sma..  oranges  in.  isolated 
carctid  intresmus  pressure  as  discussed  eeri.er. 

Finally,  the  use  cf  vasoactive  pharmacological  agents  may  involve 
oireot  and  indirect  effects  which  could  result  in.  mare  ocmciex  interactions 


then  discussed  above.  For  example ,  pass 
l.TG  infusion  could  include  a  direct  effect 
•.v.trin  the  carctid  sinus  region  resuiting  m 
configuration  of  the  near  by  barcreceptcr 
mechancreceptcr  ihfluer.ee  m  the  caroico.: 
o.lation  of  vessels  in  these  areas  ,3,  IS'. 


.1 


d  urine 
muscle 


* 
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Table  1 


Concentration  and  average  (±  SZ'.-.l)  values  for  the  total  vclurr.e  (TV'  2nd 
length  of  time  (T)  for  drug  administration  in  ten  aortic  derervated  rabbits 
with  vascular!-/  isolated  carotid  sinuses  during  open  and  closed  loop 
conditions. 


VVt .  (Kc) 

Drua 

Concer.traticr. 

TV  ( ml; 

T 

(m) 

*  dJ  * 

2. 52  +  0.10 

ADH 

4.5  mU/rr.l 

7  2  -  :  : 

7.1 

-  0.3 

Intact 

NTG 

PE 

11.2  ug/.T.I 

35.0  uc/.t.I 

5.2- 1.5 

5  .  6  ±  0-3 

6  .  5 
5  .  3 

;  0.7 
±0.3 

!  »  -  ... 

VC*-. 

ADH 

same 

5.7  -  1.3 

7.2  +  1.5 

Cut 

NTG 

same 

7.5  -r  i .  5 

7.7  -  0.9 

?£ 

same  . 

—  •  1  -> 

D  .  --  -  i  .  J 

5.6  +  0.9 

NTG  =  nitroglycerin;  ADH 
cnlcride . 


lysine  vasopressin; 


mtnvlecn: 


Legends 


FIGURE  i:  Magnitude  of  the  fall  in  mean  arterial  pressure  'A  MAP)  resulting 
from  left  acrtic  nerve  stimulation  (LANS)  during  control  cf  tr.s  carotid  intra¬ 
sinus  pressure  (ISP)  in  eight  rabbits  before  ar.c  seven  cf  same  after  vagotomy. 
Each  symbol  represents  responses  of  one  animal.  Responses  were  normalized 
between  animals  by  setting  the  equilibrium  pressure  E?  ,  v.-fiere  ISP  and  MAP 
ere  equal,  of  each  animal  to  zero.  Regression  analysis  indicated  a  significant 
level  cf  correlation  of  A  MAP  to  ISP  within  I  15  mmKg  of  E?  both  before  and 
after  vagotomy,  see  graphs  for  equations  end  ccetfic.e.ots ,  respectively. 
Significant  differences  in  responses  before  and  after  vagotomy  were  not 


FIGURE  2:  Magnitude  of  the  bradycardia  (a  HR) 
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